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Abstract 

The murine ureters are a pair of slender tubes that mediate by peristaltic contractions 

the efficient transport of urine from the renal pelvis to the bladder. Smooth muscle cells 

(SMCs) account for this activity. They arise together with their surrounding fibrocytes 

from a common pool of mesenchymal precursors. Proliferation, patterning and SMC 

differentiation of this ureteric mesenchyme (UM) depends on SHH and WNT signals 

from an adjacent epithelial primordium, the distal ureteric bud, and on BMP4 signaling 

within the UM. Retinoic acid (RA) from the ureteric epithelium (UE) and the UM inhibits 

ureteric SMC differentiation. How these signaling pathways interact with each other 

and with which transcription factors they cooperate to orchestrate SMC differentiation 

in the murine ureter is poorly understood.  

The aim of this thesis was to characterize the role of two zinc-finger transcription fac-

tors, GATA2 and GATA6, and the Notch signaling pathway in the development of the 

UM in the mouse. 

Expression of both Gata2 and Gata6 was found to be restricted to the undifferentiated 

UM. While Gata2 expression depends on RA signaling, Gata6 is controlled by BMP4 

signaling. Mice with a conditional loss of Gata6 in the UM showed dilatation of the 

ureter and renal pelvis at birth and at postnatal stages. SMC differentiation and peri-

staltic activity was severely delayed and reduced. Molecular profiling revealed reduced 

expression of the transcriptional driver of SMC differentiation, Myocd.  

Mice with conditional loss of Gata2 in the UM displayed severe hydroureter formation 

due to reduced ureteric SMC investment at birth. SMC differentiation was delayed but 

ureters regained peristaltic activity when relieved of urine pressure in explant cultures. 

Molecular analysis identified increased RA signaling as one factor contributing to the 

delay in SMC differentiation. 

Notch signaling components were expressed in the UM and UE. Conditional deletion 

of the unique Notch signaling mediator Rbpj in the UM resulted in one-day delay of 

Myocd expression and SMC differentiation, but did not lead to morphological changes 

around birth. At postnatal stages, reduction of a group of late genes including Tnnt2, 

Ckm, Pcp4 and Pcp4l1 in the mutant led to hydroureter formation.  

This thesis identified three novel regulators of SMC differentiation in the murine ureter. 

GATA2, GATA6 and Notch signaling act in different molecular subprograms, but they 

all affect the activation of the key regulator of SMC differentiation, Myocd.  

Keywords: Ureter, SMC differentiation, GATA6, GATA2, Notch signaling
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Zusammenfassung 

Die Ureteren sind paarig angelegte schlanke Röhren, die den Urin vom Nierenbecken 

in die Blase transportieren. Dies wird durch kontraktile Glattmuskelzellen ermöglicht, 

die peristaltische Wellen erzeugen. Glattmuskelzellen entstehen zusammen mit um-

gebenden Fibrozyten aus einem gemeinsamem Pool mesenchymaler Vorläufer. Die 

Proliferation, Musterung und Differenzierung dieses Uretermesenchyms (UM) hängt 

von SHH- und WNT-Signalen aus dem Epithel der benachbarten Ureterknospe und 

von BMP4-Signalen im UM ab. Retinsäure (RS) aus dem Uretherepithel (UE) und UM, 

hemmt die Glattmuskeldifferenzierung. Wie diese Signalwege miteinander interagie-

ren und mit welchen Transkriptionsfaktoren sie kooperieren, um die Differenzierung 

von Glattmuskelzellen zu induzieren, ist noch wenig verstanden. 

Das Ziel dieser Arbeit war die Rolle zweier Zinkfinger-Transkriptionsfaktoren (GATA6, 

und GATA2) und des Notch-Signalwegs in der Entwicklung des UM zu analysieren. 

Gata2 und Gata6 sind beide im undifferenzierten UM exprimiert. Dabei hängt die Ex-

pression von Gata2 vom RS-Signalweg ab, die von Gata6 vom BMP4-Signalweg. 

Mäuse mit einem konditionellen Verlust von Gata6 im UM wiesen pränatal und auch 

postnatal eine Hydroureternephrose auf. Die Glattmuskeldifferenzierung und die Kon-

traktion des Ureters war verzögert und reduziert. Molekulare Analysen zeigten eine 

reduzierte Expression des Regulators der Glattmuskeldifferenzierung, Myocd. 

Mäuse mit einem konditionellen Verlust von Gata2 im UM entwickelten ebenfalls kurz 

vor der Geburt aufgrund verzögerter und reduzierter Expression von Glattmuskelge-

nen einen Hydroureter. Die Ureteren kontrahierten in Explantat-Kulturen ohne Urinlast 

weitestgehend normal. Molekulare Analysen identifizierten erhöhte RS-Mengen als ei-

nen Grund für die verzögerte Glattmuskeldifferenzierung. 

Notch-Signalwegkomponenten sind im UE und im UM exprimiert. Der konditionelle 

Verlust des Mediators des Notch-Signalwegs Rbpj im UM resultierte in einer 

Verzögerung der Myocd Expression und Glattmuskeldifferenzierung von einem Tag. 

Postnatal führt die reduzierte Expression von späten Glattmuskelgenen (u.a. Tnnt2, 

Ckm, Pcp4, Pcp4l1) zur Bildung dilatierter Ureteren.  

In dieser Arbeit wurden drei neue Regulatoren der Glattmuskeldifferenzierung identifi-

ziert. Obwohl GATA2, GATA6 und der Notch-Signalweg verschiedene molekulare Un-

terprogramme regulieren, spielen sie alle eine wichtige Rolle als Aktivatoren der Ex-

pression von Myocd, des Hauptregulators der Glattmuskeldifferenzierung. 

Schlagwörter: Ureter, Glattmuskeldifferenzierung, GATA6, GATA2, Notch-Signalweg
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Introduction 

Introduction 

 

Visceral and vascular smooth muscle cells (SMCs) 

SMCs are found in the walls of many hollow organs where they provide structural sup-

port and contractile activity. SMCs are spindle-shaped, uni-nucleated and not striated. 

In contrast to skeletal muscle cells, they do not harbor sarcomeres, but a network of 

thin, thick and intermediate filaments. Multiple thin filaments surround every thick fila-

ment. These filaments consist of actin and myosin proteins. The thin filaments are con-

nected by dense bodies, which are interconnected by intermediate filaments. The in-

termediate filaments connect the dense bodies also to integrins in the cell membrane 

and are composed of vimentin and desmin. Upon stimulation, the thin and thick fila-

ments contract, pulling the dense bodies closer to each other. Consequently, also the 

plasma membrane is pulled and the cells get smaller and the whole cell contracts uni-

formly [1]. Inflow of Calcium ions from the sarcoplasmic reticulum and binding to cal-

modulin initiates SMC contractions [2]. The contractions are involuntary controlled and 

regulated by parasympathetic nerves of the autonomic nervous system, hormones and 

possibly locally released signals from the adjacent epithelium or endothelium. SMCs 

can be activated as a single or multi-unit. Single unit SMCs are found in the gastroin-

testinal tract (e.g. stomach and intestine) and the urogenital tract (e.g. bladder, uterus, 

ureter) as well as in small arteries and veins. Here, only a few cells of the SM are 

innervated by the same neuron, but the cells are interconnected to neighboring cells 

through gap junctions, leading to rhythmic and simultaneous contractions. Single unit 

SMCs show myogenic activity; an input of the nervous system is not necessary. Multi-

unit SMCs are less common and located in the eye, in the tunica media of large arter-

ies, in the skin and in bronchioles. Every cell of the SM is innervated by a neuron, they 

are structurally independent of each other and contract individually.  

Within the body, the location distinguishes vascular from visceral SMCs. Vascular 

SMCs are located in the tunica media of blood vessels whereas visceral SMCs cover 

the mesenchymal walls of hollow organs like the intestine, stomach, uterus, bladder 

and ureter. Vascular SMCs are necessary for the stabilization of blood vessels and the 

contraction and regulation of blood pressure, flow and vessel tone [3]. They originate 

from multiple different embryonic tissues [4],[5]. Lineage-tracing studies revealed that 

neural crest cells (NCCs) migrate and differentiate into SMCs of the branchial arch 
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arteries [6]. NCCs also give rise to SMCs of the ascending aorta, the aortic arch, the 

common carotid arteries, the right subclavian artery and the ductus arteriosus [7]–[9], 

whereas the descending aorta has progenitors from the somites  [9],[10]. Cells of the 

secondary heart field give rise to the SMCs of the base of the aorta and the pulmonary 

trunk whereas proepicardial cells undergo an epithelial-to-mesenchymal transition to 

give rise to progenitors of the coronary arteries [11]–[14]. Lastly, peritoneal (mesothe-

lial) cells contribute to blood vessels of the mesenteries and the gut [15]. Visceral 

SMCs are necessary for the unidirectional transport in tubular organs. Thereby, luminal 

content such as food or urine is transported by peristaltic waves through the digestive 

tract (stomach and intestine) and urinary tract (ureter, bladder), respectively. Visceral 

SMCs derive from the intermediate mesoderm (SMCs of the ureter and bladder) and 

the lateral plate mesoderm (SMCs of the stomach and intestine) [16],[17]. 

The differentiation of almost all SMCs is regulated by serum response factor (SRF). 

This ubiquitously expressed DNA-binding protein self-dimerizes and binds to the highly 

conserved CArG-box (CC(A/T)6GG), which is found in promotors of almost all SMC-

specific genes [18]. Loss or reduction of SRF leads to defects in differentiation, migra-

tion and proliferation of vascular as well as visceral SMCs [19]. SRF alone is a weak 

activator of CArG-box-dependent genes and relies on interactions with coactivators 

and/or corepressors. The most important coactivators of SMC-specific gene expres-

sion are Myocardin (MYOCD) and Myocardin-related transcriptions factors (MRTFs). 

MYOCD and MRTFs do not have a DNA binding domain and directly interact with SRF 

to activate SMC-specific gene expression. MYOCD is specifically expressed in SMCs, 

whereas expression of MRTFs is more widespread in embryonic and adult tissues 

[20],[21]. Loss of Myocd leads to a complete lack of vascular SMCs and death at 

around embryonic day (E)10.5 [22]. 

Interestingly, activation of Myocd expression is mediated by different signals in the 

vascular and visceral context, reflecting different input from adjacent endothelial and 

epithelial primordia. In vascular SMCs, TGFβ-signaling regulates SMC differentiation 

through SMAD2 and 3 [23] and this is facilitated, at least for SMAD3, by direct interac-

tion with SRF [24]. Platelet-derived growth factor (PDGF)-BB has been implicated in 

repression of vascular SMC differentiation [25],[26]. NOTCH signaling is also involved 

in vascular SMC differentiation and will be discussed later. In the visceral context, 

Sonic hedgehog (SHH) has been implicated in the regulation of SMC differentiation in 

the gut, the bladder and the lung [27]–[29]. Bone morphogenetic protein (BMP)4 and 
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WNT signaling have a role in mediating SMC formation in the lung [30],[31]. In the 

bladder, WNT signaling is also suggested to play a role in SMC differentiation [32],[33].  

 

The structure and function of the murine ureter 

SMCs are a critical component of the ureters, a pair of straight tubes that connect the 

renal pelvises with the bladder. The kidneys produce urine by filtration of blood in their 

nephrons. The urine is collected in the collecting duct system in the papilla of the kidney 

and accumulates in the renal pelvis. The ureters then propel by peristaltic contractions 

of their SMCs the urine into the bladder, where it is temporally stored before expulsion 

occurs to the outside via the urethra  [34].   

Ureteric SMCs are rhomboid-shaped cells that lie densely packed in the tunica mus-

cularis in the mesenchymal wall of this organ. They are ensheathed on the outside by 

the tunica adventitia, fibroelastic material with tangentially organized fibrocytes, which 

anchors the whole tube to the body wall. On the inside lies the lamina propria, a loosely 

organized tissue with fibrocytes and an abundant extracellular matrix that connects the 

mesenchymal compartment to the highly specialized inner epithelial tissue, the urothe-

lium. 

The urothelium has a three-tiered organization with a layer of basal (B) cells, one or 

two intermediate (I) cell layers and a superficial (S) cell layer. Together, these epithelial 

cells provide a flexible but tight barrier between the urine in the ureter lumen and the 

interstitial space. 

Coordinated unidirectional SMC contraction is triggered by special pacemaker cells in 

the pelvis-kidney junction (PKJ) which respond to increased hydrostatic pressure in 

the renal pelvis [35]. Lack or functional insufficiency of SMCs in the ureter can damage 

the integrity of the upper urinary system. Urine accumulation leads to dilatation of the 

ureter (hydroureter) and renal pelvis (hydronephrosis), a condition that can culminate 

in destruction of the kidney parenchyma [36]. Congenital forms of this and other anom-

alies of the kidney and urinary tract (CAKUT) occur in 3-6:1000 live births and present 

the most common cause of end-stage renal disease in children [37], [38]. Only parts 

of the mutations that underlie ureteric SMC differentiation defects and CAKUT in hu-

mans have been identified. The need to further understand these congenital defects 

on one side, and the suitability for genetic and pharmacological manipulation on the 
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other side, define the murine ureter as a relevant and highly appropriate model to de-

cipher the molecular network regulating SMC differentiation in the development of a 

visceral organ. 

 
Figure 1: Graphical representation of mesenchymal and epithelial differentiation in em-
bryonic development of the ureter. 

At E11.5, the ureter consists of ureteric bud cells surrounded by an undifferentiated mesen-
chyme. Mesenchymal cells directly adjacent to the ureteric bud transit to an enlarged shape at 
E12.5. These SMC progenitors start to differentiate at E14.5 into SMCs and underlying sub-
epithelial fibrocytes. The outer mesenchymal cells differentiate into fibroblasts. The epithelium 
starts to differentiate also at E14.5, first into I-cells and later into S- and B-cells. Modified from 
Bohnenpoll et al., 2014 [36]. 

 

Embryonic development of the murine ureter 

The development of the ureter starts together with that of the kidney at E10.5 at the 

level of the future hindlimbs with an outgrowth of an epithelial diverticulum from the 

nephric duct (ND) into the surrounding metanephric mesenchyme. The proximal part 

of this ureteric bud undergoes multiple branching events to form a ureteric tree that 

matures into the collecting duct system of the kidney. The distal part of the ureteric bud 

elongates, separates from the ND and integrates into the bladder wall by apoptotic 

events. It further differentiates into the urothelium of the ureter [17]. 

The mesenchymal coat of the ureter including the SMCs derives from a T-box tran-

scription factor gene Tbx18 positive fibroblast-like cell population that surrounds the 

distal stalk of the ureteric bud starting from E11.5 [36]. The mesenchymal progenitors 

that lie in direct vicinity to the epithelium undergo a morphological transition to a rhom-

boid, densely packed shape at E12.5. These cells start to express the SMC regulatory 

gene Myocd at E14.5, and structural SMC genes at E15.5 in a proximal to distal wave. 
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Some of the innermost Myocd-positive cells leave the SMC program after E15.5 and 

become fibroblasts of the lamina propria. The other SMC progenitors differentiate into 

terminal SMCs to ensure peristaltic activity of the ureter with the onset of urine produc-

tion in the kidney at E16.5. The outermost cells of the ureteric mesenchyme (UM) 

maintain their fibroblastic fate and differentiate into the fibroblasts of the tunica adven-

titia. The ureteric bud epithelium (UE) is initially one-layered and starts to stratify and 

differentiate into I-cells at E14.5. At E15.5 to E16.5, the cells on the luminal side differ-

entiate into S-cells; B-cell differentiation starts at E16.5 [39] (Figure 1). 

 

Molecular regulation of SMC differentiation in the murine ureter 

The differentiation of Tbx18+ mesenchymal progenitors into SMCs is controlled by a 

complex interplay of signals that originate both from the UE and UM. The most im-

portant epithelial signal is SHH, a member of the hedgehog (HH) protein family. Shh is 

expressed starting from E11.5 throughout development in the UE and activates its re-

ceptor Patched 1 (Ptch1) in the adjacent UM in a paracrine fashion. Global or condi-

tional deletion of Shh from the UE leads to reduced mesenchymal proliferation, de-

layed SMC differentiation and consequently results in hydroureter formation [38],[39].  

Bone morphogenetic protein 4 (Bmp4) is a member of the transforming growth factor-

β (TGF-β) superfamily that is expressed under the control of SHH signaling in the UM 

from E11.5 to E14.5 [38],[40],[41],[42]. Homozygous Bmp4 null mutant mice are em-

bryonic lethal between E6.5 and E10 due to defects in mesoderm formation and gas-

trulation [45]. Analysis of heterozygous Bmp4 null mutant mice revealed that Bmp4 is 

necessary to regulate the site of ureter budding on the ND, for ureter growth and elon-

gation, and for SMC formation [41],[44]. Conditional deletion of Bmp4 from the UM 

resulted in hydroureteronephrosis and showed that Bmp4 is necessary for proliferation 

and differentiation in the UM. Further pharmacological loss- and gain-of-function ex-

periments revealed that UM proliferation is mediated by AKT kinase while differentia-

tion of SMCs depends on the combined activities of AKT, P38 and SMAD1/5/9 down-

stream of BMP4 [44].  

Another pathway important for SMC differentiation in the UM is canonical WNT signal-

ing. Two WNT ligand genes, Wnt7b and Wnt9b, and one receptor gene, Frizzled1 

(Fzd1) show specific expression in the ureter. Wnt7b and Wnt9b are coexpressed in 

the UE from E11.5 to E14.5. Wnt7b expression is maintained during embryonic devel-

opment, whereas Wnt9b is downregulated after E14.5. Fzd1 is expressed in the UM 
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from E11.5 to E18.5. Conditional deletion and overexpression of Ctnnb1 (β-catenin), 

the unique intracellular mediator of the canonical WNT pathway, in the UM revealed 

that paracrine WNT signals from the UE to the UM are important to induce SMC pre-

cursor differentiation and proliferation [47], [48]. Further analysis identified the two 

closely related T-box transcription factor genes Tbx2 and Tbx3 as targets of WNT sig-

naling in the UM. Both genes are expressed in the UE and the inner layer of the UM 

from E12.5 throughout embryonic development. The conditional deletion of both genes 

from the UM showed that Tbx2 and Tbx3 promote SMC differentiation by maintaining 

BMP4 and WNT signaling in the inner layer of the UM [47].  

Another pathway important for SMC differentiation in the ureter is retinoic acid (RA) 

signaling. RA is synthesized in the UE and UM at E11.5 but RA signaling persists until 

E14.5. Pharmacological pathway activation and inhibition experiments showed that RA 

signaling is necessary for UM expansion by inhibiting SMC differentiation [50].  

Deeper insight into the regulation of SMC differentiation was obtained by investigating 

the role of SHH signaling in the UM using the unique HH transducer Smoothened 

(Smo) [51]. Conditional deletion and overexpression of Smo in the UM not only con-

firmed previous results that SHH signaling is required for proliferation and SMC differ-

entiation of the inner ring of the UM, but also identified Forkhead-Box-Protein F1 

(Foxf1) as a downstream target of Shh. Foxf1 is expressed at E14.5 in the UM, ex-

pression at later stages has not been investigated so far. Misexpression of a dominant 

negative version of Foxf1 in the UM led to failure to activate Myocd expression 

[50],[51]. Additional pharmacological inhibition experiments of Shh with re-installment 

of Foxf1 in the UM confirmed that Foxf1 acts downstream of SHH signaling and up-

stream of and together with Bmp4 to regulate SMC differentiation by activating Myocd 

expression. Interestingly, SHH signaling is not sufficient to induce Foxf1 and Myocd 

expression in the outer ring of the UM, indicating cooperation with additional signaling 

pathways in this program [53].  

Multiple transcription factors including Tbx18, Sox9, Tshz3 and Id2 are required down-

stream of these signaling pathways in the regulation of SMC differentiation [54]–[56]. 

Although a lot of research has been done on the regulation of SMC differentiation both 

in the ureter and other visceral organs, there are still many open questions with respect 

to molecular circuits that regulate this program. What other inputs does Foxf1 have? 

Why is Myocd expression exactly expressed at E14.5 in the proximal inner layer of the 
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UM? What other transcription factors and pathways are involved in the regulation of 

this cell differentiation program? 

 

GATA transcription factors as regulators of ureteric SMC 

differentiation 

GATA proteins are members of a small family of evolutionary conserved zinc finger 

transcription factors that exert crucial roles in fate decisions and tissue morphogenesis 

during embryonic development. They have been especially noted for relevance in reg-

ulating progenitor differentiation and lineage specification. The name of the GATA fam-

ily was given after the consensus DNA-binding sequence (A/T)GATA(A/G). The family 

members have two highly conserved zinc finger domains that recognize the GATA-

binding site, a less conserved N-and C-terminal region and a nuclear localization signal 

(NLS) in common. Transcriptional activation modules are found in the N-terminal re-

gion and differ between the family members. The GATA family can be divided into two 

subgroups. GATA1, GATA2 and GATA3 are regulators of the hematopoietic lineage, 

whereas GATA4, GATA5 and GATA6 are regulators of the mesodermal and endoder-

mal lineages [57].  

Previous work showed that the family member GATA2 plays an important role in the 

development of the urinary system. Gata2 expression was detected in the mesen-

chyme surrounding the ND at E10.5. Later at E12.5, expression was found in the mes-

enchyme surrounding the ND but also in the UE and UM. In adults, expression was 

seen in all derivatives of the ND and in the collecting duct system of the kidney [58]. 

Gata2 regulates aquaporin 2 (Aqp2) expression and is thereby involved in the regula-

tion of water homeostasis by the kidney [59]. Gata2-null embryos die around E10.5 

from severe hematopoietic defects [60]. Gata2-deficient mice with transgenic Gata2 

expression survived until birth and exhibited megaureter formation and hydronephrosis 

due to a failed distal ureter-bladder connection [61]. This defect was traced to a rostral 

shift of the ureter budding site, most likely by reduced Bmp4 signaling [60],[61]. The 

functional significance of Gata2 expression in the UM had not yet been investigated.  

Gata6 null mice are embryonic lethal between E5.5 and E7.5 due to defects in visceral 

endoderm formation [64],[65]. Interestingly, GATA6 is highly expressed in vascular 

SMCs in embryonic and postnatal development [66]; upon mitogen stimulation its ex-

pression is rapidly downregulated. Overexpression in proliferating vascular SMCs led 
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to cell cycle arrest, indicating that GATA6 is involved in the maintenance of the quies-

cent state of these cells [65],[66]. Additionally, GATA6 modulates the activity of the 

SRF-Myocd complex [69]. Furthermore, GATA6 promotes SMC differentiation in the 

great vessels by directing activation of Myocd and Jagged1 (Jag1) [70]. GATA6 is also 

expressed in visceral SMCs, except for the ones populating the gastrointestinal tract 

and uterus [66]. In the human bladder GATA6 mediates SMC differentiation by directly 

regulating α-smooth muscle actin (α-SMA) in primary SMC culture [71]. Lastly, it was 

shown that the specific deletion of Gata6 in adrenocortical progenitors impairs adrenal 

development [70],[71]. The role of Gata6 in visceral SMC development in the ureter 

has not yet been addressed.  

 

The Notch signaling pathway 

Notch signaling is an evolutionary highly conserved intercellular communication path-

way that regulates a multitude of developmental processes such as proliferation, stem 

cell maintenance and differentiation during embryonic development and adult homeo-

stasis in a variety of tissues. In mammals four Notch receptors (NOTCH1-4) and five 

ligands (Delta-like (DLL1,3,4) and Jagged (JAG1,2)) are known. All of the receptors 

and ligands are type I transmembrane proteins with large extracellular domains that 

consist of epidermal growth factor-like (EGF) repeats [74]. Transactivation of a recep-

tor by binding of a ligand to the extracellular domain leads to a conformational change, 

exposing a cleavage site (S2) for metalloproteases of the ADAM/TACE family [75], 

[76]. Proteolytic cleavage at S2 and further cleavage by the γ-secretase complex leads 

to the release of the intracellular domain of the Notch receptor (NICD) [77], [78]. NICD 

translocates into the nucleus where it binds together with other cofactors to the DNA-

binding protein recombination signal-binding protein for immunoglobulin kappa J 

(RBPJ). This complex activates expression of target genes including hairy and en-

hancer of split (Hes) and Hairy/enhancer-of-split related with YRPW motif (Hey) pro-

teins which act as transcriptional repressors [79], [80] (Figure 2).  

Vascular SMCs and their progenitors express NOTCH1-3 receptors while the neigh-

boring endothelial cells express the ligands JAG1 and DLL1 and DLL4. Endothelial 

JAG1 activates NOTCH3 expression in neighboring SMCs [82]. The differentiation of 

vascular SMCs which are derived from NCCs, the second heart field or the pro-epicar-

dium is positively regulated by NOTCH signaling [83],[84]. Here, JAG1 is the important 

NOTCH ligand and NOTCH2 and NOTCH3 the important receptors in the activation of 
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early SMC genes [84]–[87]. Moreover, it was shown that NOTCH signaling regulates 

and synergizes with PDGFRB and TGFB signaling in regulating vascular SMC differ-

entiation [88]–[90]. Thereby, NICD and SMAD2/3 directly interact to regulate SMC 

genes [91]. The functional significance of NOTCH signaling in visceral SMC differenti-

ation has not yet been experimentally addressed.  

 

Figure 2: The NOTCH signaling pathway 

Binding of a ligand (JAG1,2, DLL1,3,4) to a receptor (NOTCH1-4) leads to transactivation and 
a conformational change. Proteolytic cleavage of S2 by metalloproteases of the ADAM/TACE 
family and subsequent cleavage at S3 by the γ-secretase complex leads to the release of the 
intracellular domain of the NOTCH receptor (NICD). NICD translocates into the nucleus and 
binds together with other cofactors to RBPJ to activate target gene expression such as 
Hes/Hey genes. Modified from Gidley et al.,2007 [81]. 
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Aim of the thesis 

Previous work characterized a number of signals and transcription factor activities that 

are crucial for SMC differentiation in the ureter. How these signals and factors interact 

to activate expression of Myocd and SMC structural genes in a temporally precise 

manner is not known. Moreover, the known signals are not sufficient to activate the 

SMC program in the ureter, suggesting the existence of additional signals that impinge 

on Myocd expression in the development of this organ. In this thesis, the importance 

of the GATA transcription factors, GATA2 and GATA6, and of the NOTCH signaling 

pathway in ureteric SMC differentiation shall be investigated. 

In a first project, the functional significance of GATA6 in ureteric SMC development 

shall be examined. GATA6 is implicated in SMC differentiation of the vasculature 

making it an interesting candidate for regulation of visceral SMC development. Initial 

experiments performed in our group with conditionally-deleted (Tbx18cre-mediated) 

Gata6 (Gata6cKO) mutant mice revealed hydroureter formation and reduced SMC 

markers at the endpoint of embryonic development. In this thesis, the temporal and 

spatial expression of GATA6/Gata6 during embryonic ureter development using RNA 

in-situ hybridization and immunofluorescence analyses shall be performed. The 

regulation by signaling pathways known to be involved in SMC development in the 

ureter shall also be analyzed using conditional knockout mutants and pharmacological 

gain- and loss-of-function experiments for components of the different pathways. The 

morphological, histological, molecular and cellular changes at the different time points 

shall be analyzed in Gata6cKO mutant ureters. The functionality of the mutant ureter 

shall be investigated in ex vivo cultures screening for peristaltic activity. The underlying 

molecular changes in the Gata6-deficient mutant ureters shall be explored by unbiased 

transcriptional profiling. Subsequent validation shall be done using RNA in situ 

hybridization and real-time quantitative PCR (qRT-PCR) analyses. Additional 

pharmacological and functional genomic analyses shall be performed to get deeper 

insight into the molecular mechanism of GATA6 function.  

The second project shall investigate the importance of Gata2 in SMC development of 

the ureter. In our group, the Tbx18cre-mediated conditional deletion of Gata2 

(Gata2cKO) resulted in hydroureter formation in prenatal mutant embryos; molecular 

analysis identified increased RA signaling in the UM. In this thesis, pharmacological 

gain- and loss-of-function studies shall be performed to investigate the contribution of 

RA signaling to the phenotypic changes of Gata2cKO mutant ureters. 
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NOTCH signaling has been investigated in vascular SMC differentiation for years, but 

the role in visceral SMC differentiation is completely unclear and shall be investigated 

in a third project. In conditional Rbpj mutants (again obtained by using the Tbx18cre-

driver line), our group found delayed onset of SMC differentiation markers. In this the-

sis, the functional relevance of this delay will be investigated using ex vivo cultures and 

monitoring the peristaltic activity at different time points of embryonic SMC develop-

ment. In addition, pharmacological loss-of-function studies using the NOTCH signaling 

inhibitor DAPT and RT-qPCR analyses will be performed.  

Together, this thesis shall identify novel transcription factor and signaling activities in-

volved in the regulation of SMC differentiation in the ureter, and hence, provide a 

more highly resolved image of the molecular circuits driving visceral SMC differentia-

tion in general.  
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Abstract 

Smooth muscle cells (SMCs) are a critical component of the mesenchymal wall 

of the ureter since they account by means of their contractile activity for the 

efficient removal of the urine from the renal pelvis to the bladder. Here, we show 

that the zinc-finger transcription factor gene Gata6 is expressed in mesenchymal 

precursors of ureteric SMCs under the control of BMP4 signaling. Mice with a 

conditional loss of Gata6 in these precursors exhibit a delayed onset and re-

duced level of SMC differentiation and compromised peristaltic activity, as well 

as dilatation of the ureter and renal pelvis (hydroureternephrosis) at birth and at 

postnatal stages. Molecular profiling revealed a delayed and reduced expression 

of the myogenic driver gene Myocd but the activation of signaling pathways and 

transcription factors previously implicated in activation of the visceral SMC pro-

gram in the ureter, was unchanged. Our work suggests that GATA6 controls ure-

teric SMC differentiation as a pioneer factor for Myocd activation.   
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Introduction 

In mammals, efficient removal of the urine from the kidneys to the outside relies on the 

peristaltic activity of a pair of tubular organs, the ureters. Structural basis of the 

contractile behavior of these straight tubes are smooth muscle cells (SMCs) that form 

concentric layers in the outer mesenchymal wall. In the mouse, SMCs arise together 

with ensheathing fibrocytes in a precisely orchestrated manner from a homogenous 

pool of mesenchymal progenitors. This pool surrounds the distal aspect of the ureteric 

bud, an epithelial outgrowth of the nephric duct, at embryonic day (E)11.5. At E12.5, 

the mesenchymal cells adjacent to the ureteric epithelium (UE) transit from a slender 

fibroblastic to an enlarged rhomboid shape. At E14.5, they start to express Myocd, the 

key regulator of SMC differentiation (Wang and Olson, 2004). Cells in the vicinity of 

the UE become devoid of Myocd expression and differentiate from E16.5 onwards into 

fibrocytes of the lamina propria. The ones further away maintain Myocd expression 

and activate in a stepwise fashion expression of different SMC structural genes until 

E18.5. As a consequence, they form a functional tunica muscularis that engages in 

peristaltic activity shortly after onset of urine production in the fetal kidney at E16.5. 

The cells in the outer region of the ureteric mesenchyme (UM) differentiate into 

fibrocytes of the tunica adventitia, which anchors the ureter in the posterior body wall 

(Bohnenpoll et al., 2017a; Bohnenpoll and Kispert, 2014).  

Failure to activate the SMC differentiation program in the fetal ureter is detrimental to 

the integrity of the upper urinary system, i.e. the ureters and kidneys (Bohnenpoll et 

al., 2017c; Trowe et al., 2012). The urine is no longer propelled to the bladder and 

therefore accumulates in the ureter and renal pelvis, driving dilatation of these struc-

tures finally resulting in destruction of the renal parenchyma. Importantly, ureter dila-

tations are frequently observed in human newborns and in most cases, initial dilatation 

recedes over time. However, in some cases the condition remains unresolved mani-

festing in severe uro- and nephropathy (Chiodini et al., 2019; Ek et al., 2007; Herthelius 

et al., 2020).  

A combination of embryological and genetic analyses in the mouse uncovered an in-

terconnected system of signals and transcription factor activities that impinges on the 

proliferation, patterning and subsequent differentiation of the UM into SMCs and fibro-

blasts (Bohnenpoll and Kispert, 2014). Sonic hedgehog (SHH) originating from the UE 

prevents apoptosis in the outer UM, and induces proliferation and SMC differentiation 

of mesenchymal cells adjacent to the UE. In the latter cells, SHH signaling is required 
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for expression of the transcription factor gene Foxf1 which, in turn, induces the gene 

encoding the signaling molecule BMP4, and synergizes in an unknown fashion with 

BMP4 on Myocd expression and SMC differentiation (Bohnenpoll et al., 2017c; Mamo 

et al., 2017; Yu et al., 2002). WNTs from the UE activate the T-box transcription factors 

TBX2 and TBX3 to confine the adventitial fate to the outer UM (Aydogdu et al., 2018; 

Trowe et al., 2012). This may aid in directing the inner UM to the SMC differentiation 

pathway. Retinoic acid (RA) emanating from the UM and/or the UE delays SMC differ-

entiation possibly by counteracting WNT signaling (Bohnenpoll et al., 2017b).  

The GATA transcription factors are a highly conserved family of zinc finger proteins 

that mediate tissue-specific gene expression. In mammals there are six family mem-

bers that based on structure and function were assigned to two subfamilies (Tremblay 

et al., 2018). We have previously shown that GATA2, a member of the GATA1,2,3 

subfamily acts at least partly as a feed-back inhibitor of RA signaling to time the acti-

vation of Myocd, hence, of SMC differentiation in ureter development (Weiss et al., 

2019). Here, we set out to study the functional significance of GATA6, a member of 

the GATA4,5,6 subfamily, in this process. Of note, GATA6 has been implicated in pat-

terning and differentiation of cardiac neural crest cells into vascular SMCs (Kodo K, 

2009; Lepore et al., 2006; Losa et al., 2017) as well as the maintenance of the quies-

cent phenotype of these cells (Mano et al., 1999a; Perlman et al., 1998; Tremblay et 

al., 2018). GATA6 is also expressed in bladder SMCs but an in vivo requirement for 

the differentiation of these or other visceral SMCs has not been reported. 

We demonstrate here that Gata6 is expressed in the undifferentiated UM and that its 

conditional loss from this tissue leads to hydroureternephrosis in fetal and adult mice. 

Further molecular analyses suggest that GATA6 activates Myocd expression and 

thereby assures timely activation of the SMC differentiation program in the ureter. 
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Results 
 
Gata6 expression in the undifferentiated UM depends on BMP4 signaling  

To obtain a detailed profile of Gata6 expression in the development of the ureter, we 

performed RNA in situ hybridization on whole kidney/ureter rudiments as well as on 

proximal ureter sections of E11.5 to E18.5 wildtype mouse embryos. Strong Gata6 

expression was found in the entire UM at E11.5 and E12.5. At E14.5 and E16.5, ex-

pression at much reduced levels was confined to the inner region of the UM (Fig. 1A,B). 

GATA6 protein expression recapitulated the pattern of Gata6 mRNA in this organ. The 

protein was confined to the nucleus at all analyzed stages (Fig. 1C).  

To determine whether Gata6 expression depends on one of the signaling systems in-

volved in UM development, we analyzed mutants in which key cellular signaling com-

ponents were conditionally deleted. We used a Tbx18cre line, which mediates recom-

bination in the entire UM starting from E11.5 (Airik et al., 2010; Bohnenpoll et al., 2013), 

and floxed alleles of the unique mediator of SHH signaling, Smo (Long et al., 2001), of 

canonical WNT signaling, Ctnnb1 (Brault et al., 2001), and of Bmp4 (Kulessa and 

Hogan, 2002), as previously reported (Bohnenpoll et al., 2017c; Mamo et al., 2017; 

Trowe et al., 2012). Loss of Smo and Ctnnb1 had no effect on Gata6 expression in the 

UM at E12.5. In contrast, Gata6 expression was strongly reduced in this region in 

Tbx18cre/+;Bmp4fl/fl embryos (Fig. 1D). Moreover, in E11.5 kidney rudiments cultured 

for 18 h with 10 µg/ml of the BMP antagonist NOGGIN (Zimmerman et al., 1996) Gata6 

expression was very weak in the UM whereas application of 100 ng/ml BMP4 resulted 

in enhanced and ectopic Gata6 expression in the renal stroma. Application of 1 µM RA 

or 1 µM of the pan-RA receptor (RAR) antagonist BMS493 (Chazaud et al., 2003) did 

not affect Gata6 expression in this culture system (Fig. 1E). We conclude that expres-

sion of Gata6 in the undifferentiated UM depends on BMP4 signaling. 

 

Loss of Gata6 in the UM leads to prenatal hydroureter formation 

Development of Gata6 null embryos arrests during gastrulation as a consequence of 

defects in extraembryonic endoderm function (Koutsourakis et al., 1999; Morrisey et 

al., 1998). We therefore used a conditional gene inactivation approach with a floxed 

allele of Gata6 and our Tbx18cre line to analyze Gata6 function specifically in the UM 

(Airik et al., 2010; Sodhi et al., 2006). The tissue-specific inactivation of Gata6 in 

Tbx18cre/+;Gata6fl/fl  (Gata6cKO) ureters was confirmed by severe down-regulation of 

Gata6 mRNA in the UM at E11.5 and of GATA6 protein at E12.5 (Fig. S1). In matings 
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of Tbx18cre/+;Gata6fl/+ males with Gata6fl/fl females, Gata6cKO embryos were recovered 

at the expected ratio at E18.5 and all other analyzed stages (Fig. S2A). The external 

appearance of E18.5 mutant embryos was normal, but their urogenital system was 

frequently (80%, n=49) and sex-independently characterized by dilatation of the ureter 

with the proximal aspect being more affected. The severity of this phenotypic defect 

ranged from weak unilateral to strong bilateral hydroureter (Fig. 2A, Fig. S2B,C). Testis 

and epididymis were invariably laterally tethered to the kidney (cryptorchidism); the 

adrenals were drastically reduced in size (Fig. 2A). The latter phenotype is likely to 

relate to the reported requirement of Gata6 in adrenogonadal progenitors (Tevosian et 

al., 2015) in which Tbx18cre also mediates recombination (Hafner et al., 2015). In 

Tbx18cre/+;Gata6fl/+ littermates, the adrenals appeared unchanged, the testis was de-

scended but weak hydroureter formation occurred in 72% of the cases (n=32) (Fig. 

S2B,C) indicating a certain degree of haploinsufficiency. 

Histological analysis showed that in E18.5 Gata6cKO embryos, hydroureter was asso-

ciated with a dilation of the renal pelvis and a weak reduction of the renal papilla (Fig. 

2B). To exclude that ureter dilatation is caused or contributed by physical obstruction 

along the ureter and/or of the vesico-ureteric junction, we injected ink into the renal 

pelvis and observed its flow upon mild hydrostatic pressure. In all mutants, the ink 

drained smoothly into the bladder indicating that functional rather than physical ob-

struction underlies hydroureteronephrosis (Fig. 2C). To further test this hypothesis, we 

analyzed proximal ureter sections of E18.5 Gata6cKO embryos for presence of SMCs. 

Markers of this differentiated cell type (ACTA2, TAGLN, Tagln, Tnnt2, Myh11) were 

severely down-regulated, as was Aldh1a2, a marker for fibroblasts of the inner lamina 

propria. Markers for adventitial fibrocytes (Dpt, Fbln2) were still expressed in the outer 

loose mesenchyme, albeit more weakly (Fig. 2D,E). Mesenchymal defects did not af-

fect cyto-differentiation of the urothelium as revealed by normal expression of KRT5, 

∆NP63, and UPK1B which combinatorially mark B-cells (KRT5+∆NP63+UPK1B-), I-

cells (KRT5-∆NP63+UPK1B+) and S-cells (KRT5-∆NP63-UPK1B+) (Bohnenpoll et al., 

2017a) (Fig. 2F). Since increased hydrostatic pressure affects cyto-differentiation in 

the mesenchymal compartment, we also analyzed weakly dilated proximal ureters and 

non-dilated distal ureters. Expression of SMC markers was also reduced in these set-

tings but the degree of reduction varied from very strong (Tnnt2, ACTA2, TAGLN) to 

moderate (Tagln, Myh11). Fibrocyte and epithelial cyto-differentiation was unaffected 
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(Fig. S3,S4). We conclude that SMC differentiation is reduced in E18.5 Gata6cKO ure-

ters and that pressure-mediated dilatation aggravates the effect. 

 

Gata6cKO mice do not resolve hydroureter in adolescence  

Since hydroureter formation is frequently observed in newborn babies but often re-

solves for unknown reasons (Dudley et al., 1997), we wondered whether the dilative 

nephro-/uropathy in Gata6cKO mice persists into postnatal (P) stages. To answer this 

question, we analyzed urogenital systems of Gata6cKO mice at P21, when the animals 

still showed a normal external appearance and behavior. We found undescended tes-

tes, a strongly dilated ureter and pelvis, absence of the renal papilla and a severe 

reduction of the renal parenchyma (Fig. 3A-C). Expression of SMC markers was 

strongly reduced whereas urothelial differentiation appeared unaffected (Fig. 3D-J). 

This shows that hydroureternephrosis progresses after birth in an untamed fashion in 

Gata6cKO animals. 

 

Gata6 is required for timely activation of the SMC program  

To define both the onset as well as the progression of urogenital malformations in 

Gata6cKO embryos, we analyzed urogenital systems at E14.5 to E16.5, i.e. shortly 

before and after onset of urine production in the kidney. On the morphological level, 

the mutant was distinguished by adrenal hypoplasia starting from E14.5, and by hy-

droureter formation and absent testicular descent at E16.5 (Fig. 4A). Histological stain-

ing of proximal ureter sections revealed a less condensed inner mesenchymal layer 

compared to the control at E15.5, and a strongly dilated ureter at E16.5 (Fig. 4B). In 

control embryos, expression of Myh11 started robustly at E14.5, of Tagln, Tnnt2 and 

ACTA2 at E15.5 in the UM. In Gata6cKO ureters, expression of SMC structural 

genes/proteins occurred at dramatically reduced levels at all stages analyzed (Fig. 

4C,D). In contrast, expression profiles of markers for the lamina propria (Aldh1a2) and 

the tunica adventitia (Dpt, Fbln2, Col1a2) were unchanged (Fig. S5). Expression of the 

epithelial cyto-differentiation markers NP63, UPK1B and KRT5 occurred normally, 

but expression of NP63 (at E14.5 and E15.5) and of UPK1B (E15.5) was weaker, and 

stratification was delayed in Gata6cKO ureters (Fig. 4E).  

The TUNEL assay did not detect apoptotic bodies in the mutant UM at E12.5 and E14.5 

(Fig. S6A). Moreover, cell proliferation as studied by the BrdU incorporation assay was 

not changed in the mesenchymal and epithelial compartments of the mutant ureter at 
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either stage (Fig. S6B,C; Table S1). Hence, GATA6 is critically required to initiate the 

SMC program but does not affect survival, proliferation and patterning of the UM. 

 

Peristalsis and SMC differentiation occur in a delayed and reduced fashion in 

Gata6cKO ureters 

Although SMC differentiation was dramatically reduced in Gata6cKO ureters at E14.5 

and E15.5, the program may be compromised from E16.5 onwards by pressure-in-

duced ureter dilatation. To analyze ureter development in absence of urine load, we 

explanted ureters at E14.5, i.e. prior to urine formation, and cultured them for 8 days, 

monitoring daily for morphological changes and peristaltic activity. In the control, peri-

staltic movements started after two days and reached their frequency peak after 6 

days. In Gata6cKO ureters, contractions started very weakly only after 4 days, exhib-

ited approximately half of the wildtype frequency after 6 days, but reached the control 

levels after 8 days of culture (Fig. 5A,B; Table S2). The contraction intensity was 

strongly decreased at day 4 at the proximal, medial and distal positions analyzed, but 

reached control levels at the following days except proximally where it continued to be 

significantly reduced (Fig. 5C; Table S3). After 6 days of culture, expression of Myh11 

appeared normal; Tagln/TAGLN and ACTA2 expression was weakly and Tnnt2 was 

strongly reduced in the proximal ureter region (Fig. 5D).  

Dilated ureters of E18.5 Gata6cKO embryos regained frequent peristaltic contractions 

after 2 to 4 days after explantation (Fig. 5E,F; Table S4). Contraction intensity was 

strongly decreased at day 0 and 2 of culture but after 4 and 6 days control levels were 

observed medially. At the proximal and distal position, the contraction intensity 

remained strongly and weakly reduced, respectively (Fig. 5G, Table S5). At day 6 of 

culture, expression of SMC markers appeared unaffected (Myh11), weakly 

(Tagln/TAGLN, ACTA2) and strongly reduced (Tnnt2) (Fig. 5H). These data show that 

expression of most SMC structural genes/proteins is delayed but not permanently lost 

in Gata6cKO ureters, and that SMC differentiation and peristaltic activity can be partly 

recovered in ex vivo culture conditions even after a dilatation has occurred.   

 

Myocd expression is decreased in Gata6cKO ureters 

To identify in an unbiased fashion molecular changes that may cause delayed and 

reduced SMC differentiation in Gata6cKO ureters, we performed microarray-based 

gene expression profiling of E14.5 Gata6cKO and control ureters. Using an intensity 
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threshold of 100 and fold changes of at least 2 in the two individual arrays, we detected 

61 genes with reduced and 57 genes with increased expression in mutant ureters (Fig. 

6A-C; Table S6, S7).  

Functional annotation using the DAVID software tool (Huang da et al., 2009) revealed 

an enrichment of gene ontology (GO) terms related to “neuron” in the pool of upregu-

lated genes (Table S8) but RNA in situ hybridization did not detect changes of expres-

sion of selected candidate genes (Cartpt, Nefm, Phox2b, Hand2) in E14.5 Gata6cKO 

ureters (Fig. S7A). Interestingly, two genes relating to RA synthesis, Aldh1a3 (+5.5) 

and Aldh1a2 (+2.2) belonged to the top-upregulated genes. Targets of RA signaling in 

the UM (Bohnenpoll et al., 2017b), including Wt1 (+2.4), Ecm1 (+1.6) were also in-

creased (Fig. 6B, Table S8). RNA in situ hybridization confirmed increased expression 

of Aldh1a2 and Wt1 in the outer UM, of Aldh1a3 in the UE, and of Ecm1 in the inner 

UM of Gata6cKO ureters at E14.5. However, the direct target of RA signaling, Rarb 

(Mendelsohn et al., 1991), appeared unchanged in the UM (Fig. 6D). 

Functional annotation revealed an enrichment of GO terms related to “epithelial differ-

entiation” in the pool of downregulated genes (Table S9). Genes associated with these 

terms included the S-cell markers Upk1b (-4.3), Upk2 (-3.2), Upk1a (-3.0), the regulator 

of S-cell differentiation, Grhl3 (-2.3) (Yu et al., 2009), and the regulator of epithelial 

stratification Trp63 (-2.5) (Weiss et al., 2013). In situ hybridization was not sensitive 

enough to detect expression changes of these candidate genes in mutant ureters (Fig. 

S7B). The list of downregulated genes also included Car3 (-3.2) and the WNT antag-

onist Shisa2 (-3.1) two genes previously shown to be expressed in the UM (Airik et al., 

2010; Aydogdu et al., 2018), and most notably Myocd (-2.8), the master regulator of 

SMC differentiation (Wang and Olson, 2004). RNA in situ hybridization confirmed re-

duced expression of Car3 and Shisa2 in the UM of E14.5 Gata6cKO embryos; Myocd 

expression was almost absent (Fig. 6E).  

Myocd expression and SMC differentiation in the developing ureter depends on a num-

ber of signaling pathways and transcription factor activities (Bohnenpoll and Kispert, 

2014). Our microarray and in situ hybridization analyses did not detect changes in ex-

pression of Shh, and of the direct target genes of SHH signaling, Ptch1 and Gli1 

(Bohnenpoll et al., 2017c; Ingham and McMahon, 2001); of Wnt7b and Wnt9b, and of 

Axin2, direct target of this pathway (Jho et al., 2002; Trowe et al., 2012); of Bmp4, 

(Bohnenpoll et al., 2017c) and the direct targets of its activity, Id2 and Id4 (Hollnagel 

et al., 1999; Mamo et al., 2017), and of the transcription factor genes Foxf1 (Bohnenpoll 
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et al., 2017c), Gata2 (Weiss et al., 2019), Sox9 (Airik et al., 2010), Tbx18 (Airik et al., 

2006), Tcf21 (Airik et al., 2006), Tshz3 (Caubit et al., 2008), Tbx2/TBX2 and 

Tbx3/TBX3 (Aydogdu et al., 2018) in Gata6cKO ureters at E14.5 (Fig. S8, S9).  

RT-PCR analysis confirmed that Myocd expression was strongly reduced in E14.5 

Gata6cKO ureters whereas expression of Foxf1, activator of Myocd expression, of the 

WNT target gene Axin2, the BMP4 target Id2, and of the mesenchymal RA target, Rarb 

was unchanged (Fig. 6F, Table S10).  

Expression of Myocd remained strongly reduced at E15.5 and E16.5. In E18.5 ureters 

and in E18.5 ureter explants cultured for 6 days Myocd expression was weakly re-

duced, indicating that Myocd expression is regained to a significant degree after E16.5 

(Fig. G).  

Hence, Gata6 is required for activation of Myocd expression at E14.5 independent from 

transcription factors and signaling activities previously implicated in the regulation of 

this gene. 

 

Enhanced RA signaling does not account for the peristalsis defects of Gata6cKO 

ureters 

Although our assays did not detect increased expression of the direct RA target gene 

Rarb in the UM, increased expression of RA synthesizing enzymes and some RA de-

pendent genes may point to a functional implication of enhanced RA signaling in the 

delayed onset of SMC differentiation as previously reported (Bohnenpoll et al., 2017b; 

Weiss et al., 2019). We therefore tested whether reduction of RA signaling ameliorates 

the peristaltic changes of Gata6cKO ureters. Treatment of control E13.5 ureter ex-

plants with the pan-RAR antagonist BMS493 (1 μM) did not affect the onset of con-

tractions but lowered the contraction frequency from day 4 onwards. In Gata6cKO ure-

ters, BMS493 treatment further delayed the peristaltic onset and reduced the contrac-

tion frequency (Fig. S10; Table S11). We conclude that increased RA signaling does 

not contribute in a major fashion to the delayed onset of SMC differentiation and peri-

staltic activity in Gata6KO ureters. 

 

Gata2 and Gata6 do not cooperate in SMC differentiation in the developing ureter 

We recently reported that in mice with conditional loss of Gata2 in the UM, SMC differ-

entiation was delayed and RA signaling was increased (Weiss et al., 2019). Given the 

phenotypic similarities, we wondered whether GATA2 and GATA6 would cooperate in 
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ureteric SMC differentiation. We tested this by generating mice compound heterozy-

gous for Gata2 and Gata6. Urogenital systems of Tbx18cre/+;Gata2fl/+;Gata6fl/+ embryos 

neither exhibited enhanced ureter dilatation nor did they present cryptorchidism com-

pared to Tbx18cre/+;Gata2fl/+ and Tbx18cre/+;Gata6fl/+ embryos indicating that Gata2 and 

Gata6 control different molecular programs (Fig. S11).  
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Discussion 

 

Here, we identified GATA6 as a novel regulator of visceral SMC differentiation in the 

ureter. Our findings indicate that GATA6 acts downstream of BMP4 as an activator of 

Myocd expression. Our work confirms that a delayed and reduced onset of SMC dif-

ferentiation results in ureter dilatation at birth, and that relief from the resulting hydro-

static pressure may aid in regaining ureter peristalsis. 

 

Gata6 is a novel regulator of visceral SMC differentiation  

Previous work described expression of Gata6 in various progenitor populations during 

murine development including the visceral endoderm, the (pre-)cardiac mesoderm, the 

neural crest, and the endoderm of the primitive gut tube including the bronchial tree 

but also in mature SMCs of the aorta, large arteries and the bladder. These studies 

also mentioned Gata6 expression in the urogenital ridge at E13.5 but did not further 

analyze expression during urinary tract development (Freyer et al., 2015; Morrisey et 

al., 1996; Nemer and Nemer, 2003). Our work characterized the undifferentiated UM 

as an additional expression domain of Gata6/GATA6 in mouse development. We found 

downregulation of Gata6/GATA6 expression with onset of mesenchymal cyto-differen-

tiation in the ureter which contrasts with the pattern in the adjacent bladder primordium 

where Gata6 expression is maintained into adult stages (Freyer et al., 2015; Morrisey 

et al., 1996).  

The conditional loss of Gata6 in the UM did not affect survival, proliferation and pat-

terning of these progenitors but led to failure to activate the SMC program in the fetal 

ureter. This finding is in line with previous reports that Gata6 is critical for lineage spec-

ification and early differentiation of progenitors of various endodermal, mesodermal 

and ectodermal sources (Morrisey et al., 1998; Tevosian et al., 2015; Zhao et al., 2008; 

Zhao et al., 2005) (for a review see (Tremblay et al., 2018)).  

Our study stresses the significance of Gata6 and its related family members (Gata4, 

Gata5) as regulators of muscle cell differentiation. While the role of Gata6 (in combi-

nation with Gata4) in early differentiation of cardiomyocytes has been appreciated for 

long (Zhao et al., 2008), the role in vascular and especially in visceral SMC differenti-

ation has remained less clear. Some in vitro studies initially suggested that GATA6 

induces and maintains the contractile phenotype of vascular SMCs (Abe et al., 2003; 

Mano et al., 1999b; Wada et al., 2002), while others questioned such a role (Lepore et 
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al., 2005; Yin and Herring, 2005 ). However, recent in vivo loss- and gain-of-function 

studies provided compelling evidence that Gata6 is both required and sufficient for the 

differentiation of cardiac neural crest cells into SMCs that surround the large vessels 

of the cardiac outflow tract (Losa et al., 2017).  

Knockdown of endogenous GATA6 in primary human bladder SMCs led to decreased 

mRNA levels of some SMC structural genes suggesting a role in maintaining the dif-

ferentiated phenotype of these visceral SMCs (Kanematsu et al., 2007). However, to 

our knowledge, an in vivo requirement for Gata6 in the establishment or maintenance 

of the SMC phenotype in the bladder has not been reported.  

It is important to note that Gata6 expression has not been observed during visceral 

SMC development of the respiratory system, the urethra and the gastrointestinal tract 

(Morrisey et al., 1996). Moreover, a role of Gata6 has not been reported for vascular 

SMCs that do not derive from neural crest cells such as epicardium-derived coronary 

SMCs. We cannot exclude that low levels of expression of Gata6 or of other Gata 

family members has escaped detection and/or that redundancy of several Gata genes 

has precluded functional insights. However, it is also conceivable that Gata6 acts only 

in some of the SMC differentiation programs during embryonic development. This is in 

line with the finding that both vascular and visceral SMCs arise from a multitude of 

progenitors, and that diverse signals from adjacent epithelial and endothelia primordia 

but also from within the SMC progenitors are implicated in activation of the SMC dif-

ferentiation program (Donadon and Santoro, 2021; Mack, 2011). 

Our in vivo and ex vivo experiments have shown that BMP4 signaling is both required 

and sufficient for Gata6 expression in the UM. Given the findings that Gata4 and Gata6 

are coexpressed in many mesodermal and endodermal progenitors, that BMP4 is up-

stream of Gata4 in the precardiac mesoderm {Schultheiss, 1997 #445}, endoderm 

(Rossi et al., 2001), lateral plate mesoderm (Rojas et al., 2005), and that neural crest 

cell induction requires BMP4 signaling (Baker and Bronner-Fraser, 1997), it is tempting 

to speculate that BMP4 signaling regulated expression of Gata6 (and/or Gata4) defines 

a critical axis in the differentiation of both cardiomyocytes and a subset of vascular and 

visceral SMCs. 

 

Gata6 is required for activation of Myocd expression in the UM 

Our molecular characterization of Gata6cKO ureters revealed a dramatic reduction of 

Myocd expression in the fetal ureter. MYOCD acts a transcriptional coactivator that 
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complexes with the DNA-binding protein serum response factor (SRF) in the activation 

of genes that harbor binding sites for SRF, so called CArG boxes in their promoters 

(Norman et al., 1988; Sun et al., 2006; Wang et al., 2001; Wang and Olson, 2004). 

Given the fact that Myocd is required for SMC differentiation, downregulation of Myocd 

expression is the likely cause for SMC differentiation and peristalsis defects in 

Gata6cKO ureters.  

Since Myocd is sufficient to induce SMC differentiation when ectopically expressed 

(van Tuyn et al., 2005; Wang et al., 2003), temporal and spatial control of Myocd ex-

pression underlies the regionalized programs of visceral and vascular SMC differenti-

ation. As mentioned above, activation of Myocd, hence, of the SMC program occurs 

as response to a multitude of signals that are released from endothelial and epithelial 

primordia as well as from signals secreted from the SMC progenitors (Donadon and 

Santoro, 2021; Mack, 2011). In the murine ureter, SHH and WNTs have been charac-

terized as epithelial signals from the ureteric bud that maintain UM proliferation and 

induce Myocd expression and SMC differentiation. SMO-dependent SHH signaling 

and CTNNB1-dependent WNT signaling induce and maintain, respectively, BMP4 ex-

pression in the UM. In turn, BMP4 is required for UM proliferation, Myocd expression 

and SMC differentiation (Bohnenpoll et al., 2017c; Mamo et al., 2017; Trowe et al., 

2012). Importantly, we did neither detect changes in expression of Shh, Wnt and Bmp4 

ligand genes nor alterations in their signaling activities in the UM of Gata6cKO ureters. 

Furthermore, we found unaltered expression of transcription factors that impinge on 

Myocd expression downstream of the activity of these signaling pathways in the UM. 

These data show that all known positive molecular inputs on Myocd expression in the 

UM are unaffected by loss of Gata6. This is notable since several studies suggested 

that Gata6 acts as a regulator of Bmp4 expression in some developmental settings 

(2014; Nemer and Nemer, 2003; Peterkin et al., 2003; Zeng and Childs, 2012).  

Our Gata6cKO analysis detected increased expression of RA synthesizing enzymes 

in the early ureter, and slight increase in some RA dependent genes in the UM. Phar-

macological inhibition of RA signaling did not alleviate the SMC defects but increased 

them, making it unlikely that RA, which is known to inhibit SMC differentiation in the 

UM (Bohnenpoll et al., 2017b), represents a significant factor for the lack of Myocd 

activation in Gata6cKO UM. Increased RA signaling may, however, contribute to the 
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slight delay in epithelial stratification and differentiation, and/or occurrence of a neu-

ronal expression profile in the mutant ureter as suggested by some studies 

(Bohnenpoll et al., 2017b; Lakard et al., 2007; Sidell and Horn, 1985)  

Based on these results, we hypothesize that GATA6 acts as a direct transcriptional 

activator of Myocd expression in the UM. This assumption gets indirect but strong sup-

port from a recent report stating that Gata6 is required and sufficient for Myocd expres-

sion in cardiac neural crest cells, and that it occupies a binding site in the Myocd locus 

(Losa et al., 2017).  

Myocd expression and SMC differentiation occurred in Gata6cKO ureters at E18.5 and 

at later stages in ex vivo cultures. This was associated with a significantly improved 

peristaltic activity. Hence, Gata6 is not absolutely required to establish the SMC line-

age, but shifts the onset of Myocd expression and SMC differentiation to earlier stages 

to cope with onset of urine production in the fetal kidney. Given the expression of Gata6 

in the undifferentiated UM, normal activation of Foxf1 on which Myocd expression cru-

cially depends, and recent reports on the molecular function of GATA6 as a pioneer 

factor (Sharma et al., 2020), we deem it likely that GATA6 opens chromatin in and 

around the Myocd locus and that FOXF1 subsequently activates Myocd expression as 

a lineage determining factor. In the absence of Gata6 FOXF1 expression may gradu-

ally increase to levels sufficient to activate Myocd albeit with a strong delay and at 

reduced levels.  

Interestingly, with the exception of Tnnt2 all of the SMC structural genes evaluated 

returned to normal expression levels in extended ex vivo cultures of Gata6cKO ex-

plants. Since GATA6 binds and transactivates a cardiac specific enhancer element in 

the closely related Tnnc1 gene (Morrisey et al., 1996), it is conceivable that Tnnt2 pre-

sents an additional direct target of GATA6 activity in the UM.   

 

Gata2 and Gata6 genes regulate distinct subprograms of ureteric SMC differen-

tiation 

We have recently reported that Gata2 is expressed in the UM and that its conditional 

loss leads to a delayed onset of SMC differentiation, ureter dilatation in fetal life and 

hydroureternephrosis after birth (Weiss et al., 2019). Given the coexpression of Gata6 

with Gata2 in the UM, and the strong similarity of phenotypic changes of the upper 

urinary tract upon individual loss in the UM, it appears possible that Gata2 and Gata6 

act in a common pathway for Myocd activation. However, our analyses have shown 
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that the two genes are differentially regulated (Gata6 depends on BMP4, Gata2 on RA 

signaling), and that the loss of either gene in the UM leads to greatly differing molecular 

changes at E14.5. While GATA2, at least partially, acts as a feed-back inhibitor for RA 

signaling (Weiss et al., 2019), deregulation of RA signalling is irrelevant for the SMC 

defects in Gata6cKO ureters, and direct regulation of Myocd seems likely. Moreover, 

we did not find genetic interaction when combining loss-of-function alleles of both 

genes. Last but not least, GATA2 and GATA6 belong to different subfamilies whose 

members preferentially interact with themselves (Tremblay et al., 2018) 

Similar to Gata2-deficient ureters, Gata6cKO ureters regained considerable peristaltic 

performance when relieved from urinary pressure in an ex vivo culture setting. While 

this confirms that increased hydrostatic pressure exacerbates the SMC defects in vivo, 

it highlights that a temporary artificial bypass in vivo may provide an opportunity to the 

mesenchymal coat to (re-)differentiate contractile SMCs and regain peristaltic activity.   

Irrespective of future therapeutic options for congenital forms of hydroureter formation 

in human patients, Gata6 and Gata2 are candidates to include in mutational screens 

for monogenetic causes of these disease entities.  
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Material and methods 

Mouse work 

Mice for conditional inactivation of Gata6 (Gata6tm2.1Sad, synonym: Gata6fl/fl) (Sodhi et 

al., 2006) were obtained from Jörg Heineke (previously Medizinische Hochschule Han-

nover, now Medical Faculty Mannheim, Germany) after permission from Steve Duncan 

(Medical University of South Carolina, Charleston, SC, USA); mice for conditional in-

activation of bone morphogenetic protein 4 (Bmp4) (Kulessa and Hogan, 2002) were 

received from Rolf Zeller (University of Basel, Switzerland) after permission from Brigid 

Hogan (Duke University Medical Center, Durham, NC, USA). Rolf Kemler (Max-

Planck-Institute for Immunobiology and Epigenetics, Freiburg/Germany) provided mice 

for conditional inactivation of catenin, beta (Ctnnb1) (Ctnnb1tm2Kem, synonym: Ctnnb1fl) 

(Brault et al., 2001). Mice for conditional inactivation of smoothened (Smo) (Smotm2Amc, 

synonyms: Smofl, JAX #004526) (Long et al., 2001) were purchased from the Jackson 

lab (JAX #004526, Bar Harbor, Maine, USA). The cre driver line Tbx18tm4(cre)Akis (syn-

onym: Tbx18cre) was previously generated in the lab (Airik et al., 2010).  

All mouse lines were maintained on an NMRI outbred background. NMRI wild-type 

embryos were used for expression analysis. Embryos for phenotypic analyses were 

derived from matings of males double heterozygous for Tbx18cre line and the floxed 

loss-of-function allele with females homozygous for the same floxed loss-of-function 

allele. Littermates without the Tbx18cre allele were used as controls. For timed preg-

nancies, vaginal plugs were checked on the morning after mating; noon was taken as 

E0.5. Embryos and urogenital systems were dissected in PBS. Specimens were fixed 

in 4% PFA/PBS, transferred to methanol and stored at -20°C prior to further pro-

cessing. PCR genotyping was performed on genomic DNA prepared from yolk sacs or 

liver biopsies. The experiments were approved by the local Institutional Animal Care 

and Research Advisory Committee and permitted by the Lower Saxony State Office 

for Consumer Protection and Food Safety (reference number 42500/1H). 

 

Organ cultures 

Ureters were dissected from the embryo, explanted on 0.4 µm polyester membrane 

Transwell supports (#3450, Corning Inc., Lowell, MA, USA) and cultured at the air-

liquid interface with DMEM/F12 supplemented with 1% of concentrated stocks of Pen-

icillin/Streptomycin, sodium pyruvate, glutamax, non-essential amino acids 
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(#21331020, #15140122, #11360070, #35050038, #11140035, Thermo Fisher Scien-

tific, Waltham, MA, USA) and 10% FCS (S0115, Biochrom, Berlin, Germany) or IST-G 

(insulin-transferrin-selenium, #41400045, Thermo Fisher Scientific, Waltham, MA, 

USA) (only in experiment Fig. S10). Recombinant mouse BMP4 (5020-BP, R&D Sys-

tems, Minneapolis, MN, USA) was dissolved in 4 mM HCl to a final concentration of 

100 ng/ml. The BMP4 inhibitor NOGGIN (#ZO3205, Biozol/GenScript, Piscataway 

Township, NJ, USA) was dissolved in water to 10 µg/ml. BMS493 (#3509, Tocris Bio-

Science, Minneapolis, MN, USA) or RA (#0695, Tocris) were dissolved in DMSO and 

added to the medium at a final concentration of 1 µM. The culture medium was re-

placed every second day. Contra-lateral kidneys were used as controls. For video doc-

umentation, the cultures were acclimatized to room conditions and then imaged in a 

bright field channel for 1 min with a frame rate of 5 per second. Measurement of the 

contractions per minute and the peristaltic intensity was done either manually or via 

computational Fiji Multi-Kymograph analysis (Schindelin et al., 2012). Therefore, the 

length of the ureter was subdivided into 25 (≙ proximal level), 50 (≙ medial level) or 

75 (≙ distal level) percentiles. One contraction was set to 100 frames representing 20 

sec in real time. Kymograph grey values were divided by the maximum grey value and 

ratios were plotted with Microsoft Excel (Microsoft Corp., Redmond, WA, USA). 

 

Histological analysis 

Embryos and urogenital systems were embedded in paraffin and sectioned to 5 µm. 

Hematoxylin and eosin staining was performed according to standard procedures. Ink 

injection experiments were performed as described (Airik et al., 2006).  

 

RNA in situ hybridization analysis 

Section in situ hybridization on 10 µm paraffin sections was performed as previously 

described (Moorman et al., 2001). Whole mount in situ hybridization of whole kidney 

rudiments or kidney cultures followed a standard procedure with digoxigenin-labeled 

antisense riboprobes (Wilkinson and Nieto, 1993).  

 

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) 

Total RNA was isolated from 3 pools of 10 ureters each of E14.5 control and Gata6cKO 

embryos using TRIzol (#15596-018, Thermo Fisher Scientific). cDNA was synthesized 

from 2.5 µg total RNA applying RevertAid H Minus reverse transcriptase (#EP0452, 
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Thermo Fisher Scientific) as described (Thiesler et al., 2021). The NCBI tool Primer3 

version4.1 was used to design specific primers (Table S12). RT-quantitative (q)PCR 

was performed in 10 µl 1:2 diluted BIO SyGreen Lo-ROX mix (PCR Biosystems, Lon-

don, UK) with 400 nM primers and 1 ng/µl cDNA applying a QuantStudio3 PCR system 

fluorometric thermal cycler (Thermo Fisher Scientific). Each of the three biological rep-

licates represents the average of four technical replicates. Data were processed by 

QuantStudio data analysis software (version1.5.1, Thermo Fisher Scientific) using the 

comparative threshold cycle (ΔΔCT) method with Gapdh (Werneburg et al., 2015) and 

Ppia as reference genes. 

 

Microarray analysis 

Two pools of 10 E14.5 ureters each from male and female control and Gata6cKO em-

bryos were collected. Total RNA was extracted using peqGOLD RNApure (product 

#732-3312, order #30-1010, PeqLab Biotechnologie GmbH, Erlangen, Germany) and 

subsequently sent to the Research Core Unit Transcriptomics of Hannover Medical 

School where RNA was Cy3-labeled and hybridized to Agilent Whole Mouse Genome 

Oligo v2 (4x44K) microarrays (G4846A, Agilent Technologies Inc., Santa Clara, CA, 

USA). To identify differentially expressed genes, normalized expression data was fil-

tered using Excel (Microsoft Corp., Redmond, WA, USA) based on an intensity thresh-

old of 100 and a more than 1.9 fold change in all pools. Microarray data have been 

submitted to Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) 

(GSE174614). 

 

Immunofluorescent detection of antigens 

For immunofluorescent stainings 5 µm paraffin sections were stained as previously 

described (Bohnenpoll et al., 2017a). Primary antibodies and dilutions were used as 

follows: goat-anti-GATA6 (1:50, AF1700, R&D Systems, Minneapolis, MN, USA) or 

rabbit-anti-GATA6 (1:200, #5851, Cell Signaling Technology Europe B.V., Frankfurt, 

Germany), mouse-anti-ACTA2 (1:500, A5228, Sigma-Aldrich, St. Louis, MO, USA), 

rabbit-anti-TAGLN (1:200, ab14106, Abcam, Cambridge, UK), rabbit-anti-ΔNP63 

(1:250, 619001, BioLegend, San Diego, CA, USA), rabbit-anti-KRT5 (1:250, PRB-

160P, BioLegend), mouse-anti-UPK1B (1:200, WH0007348M, Sigma-Aldrich, St. 

Louis, MO, USA), rabbit-anti-TBX2 (1:200, 07-318, Merck Millipore, Darmstadt, Ger-

many) and goat-anti-TBX3 (1:500, sc-31656, Santa Cruz Biotechnology, Inc., Santa 
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Cruz, CA, USA). Goat-anti-rabbit Alexa488 (1:250, A11034, Invitrogen, Invitrogen, 

Carlsbad, CA, USA), donkey-anti-mouse Alexa488 (1:250, A21202, Invitrogen), goat-

anti-mouse Alexa555 (1:500, A21422, Invitrogen), biotinylated goat-anti-rabbit (1:200, 

111065033, Dianova, Hamburg, Germany) and biotinylated donkey-anti-goat (1:200, 

705-065-003, Dianova) were used as secondary antibodies. For amplification of the 

antibodies the TSA Tetramethylrhodamine Amplification Kit (1:100, NEL701001KT, 

PerkinElmer, Waltham, MA, USA) was used. After antigen retrieval (#H-3300, Antigen 

Unmasking Solution, Vector Laboratories, Burlingame, CA, USA; 15 minutes, 100°C), 

labeling of primary antibodies was performed over night at 4°C. Labeling of secondary 

antibodies was performed for 1 h at RT in blocking solution.  

 

Cell proliferation and apoptosis assays 

Cell proliferation rates were investigated by the detection of incorporated BrdU on 5 

µm paraffin sections according to published protocols (Bussen et al., 2004). For the 

analysis 12 sections per specimen (n=3) and genotype of the proximal ureter were 

stained. The BrdU-labeling index was defined as the number of BrdU-positive nuclei 

relative to the total number of nuclei as detected by counterstaining of nuclei with 4’,6-

diamidino-2-phenylindole (DAPI, # 6335.1, Carl Roth, Karlsruhe, Germany) in histo-

logically defined compartments of the ureter. Apoptosis in tissues was assessed by the 

TUNEL assay using the ApopTag Plus Fluorescein In Situ Apoptosis Detection Kit 

(S7111, Merck KGaA, Darmstadt, Germany) on 5-μm paraffin sections.  

 

Statistics 

For statistical analysis the two-tailed Student's t-test was performed and the data were 

expressed as mean ± standard deviation. For relative analyses wildtype values were 

set to 1. Differences were considered significant with a P-value below 0.05 (p<0.05, *), 

highly significant (p≤0.005, **) and extremely significant (p≤ 0.0005, ***). 

 

Image documentation 

Sections and organ cultures were photographed using a DM5000 microscope (Leica 

Camera, Wetzlar, Germany) with Leica DFC300FX digital camera or a Leica DM6000 

microscope with Leica DFC350FX digital camera. Urogenital systems were docu-

mented using a Leica M420 microscope with a Fujix HC-300Z digital camera (Fujifilm 

Holdings, Minato/Tokyo, Japan). Whole mount in situ hybridizations of cultured kidney 
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rudiments were documented using a Leica Z6 APO microscope with Leica DFC420C 

digital camera. Figures were prepared with Adobe Photoshop CS3 and CS4 (Adobe, 

San Jose, CA, USA).  
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Figures/Figure legends 

 

 

 
Fig. 1. Gata6 expression in the undifferentiated mesenchyme of the developing ureter 
depends on BMP4. (A,B) RNA in situ hybridization analysis of Gata6 expression in whole 
kidneys and ureters (A), and on sections of the metanephros (E11.5) and of the proximal ureter 
region (B) derived from E12.5 to E18.5 wildtype embryos. (C) Immunofluorescence analysis 
of the GATA6 protein on sections of the metanephros region (E11.5) and of the proximal ureter 
region of E12.5 to E18.5 wildtype embryos. Nuclei are counterstained with DAPI. (D) RNA in 
situ hybridization analysis of Gata6 expression on transverse sections through the posterior 
trunk region of E12.5 control embryos, of embryos with loss of Ctnnb1-dependent WNT sig-
naling (Tbx18cre/+;Ctnnb1fl/fl), with loss of SHH/SMO signaling (Tbx18cre/+;Smofl/fl), and loss of 
Bmp4 (Tbx18cre/+;Bmp4fl/fl) in the UM. (E) RNA in situ hybridization of Gata6 expression in 
E11.5 ureter/kidney explants grown for 18 h with DMSO (control), 10 µg/ml of the BMP4 an-
tagonist NOGGIN, 100 ng/ml BMP4, 1 µM of the pan-RAR inhibitor BMS493, and 1 µM RA. At 
least three (n>=3) independent specimens were analyzed for each assay. k, kidney; nd, neph-
ric duct; rs, renal stroma; u, ureter; ue, ureteric epithelium; um, ureteric mesenchyme; ut, ure-
teric tip.  
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Fig. 2. Gata6cKO embryos develop severe hydroureter due to functional insufficiency 
of the UM at E18.5. (A) Morphology of whole urogenital systems of male (column 1 and 2) 
and female embryos (column 3 and 4). Arrows point to the attachment of the epididymal fat 
pad to the kidney, arrowheads point to hypoplastic adrenals in the mutant (control n=65; 
Gata6cKO n=49). (B) Hematoxylin and eosin staining on sagittal kidney sections (column 1 
and 2) and transverse sections of the proximal ureter (column 3 and 4); n=3 for each genotype. 
(C) Analysis of physical obstruction along the ureter and the vesico-ureteric junction by ink 
injection into the renal pelvis (control n=6; Gata6cKO n=5). (D-F) Cyto-differentiation of the UM 
(D,E) and of the urothelium (F) as shown by immunofluorescence (D,F) and by section RNA 
in situ hybridization analysis (E) of markers. n>=3 for each marker per genotype. a, adrenal; 
bl, bladder; hu, hydroureter; k, kidney; pa, papilla; pe, pelvis; u, ureter; ue, ureteric epithelium; 
um, ureteric mesenchyme; ut, uterus; t, testis. 
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Fig. 3. Gata6cKO mice exhibit severe hydroureternephrosis at P21. (A) Morphology of 
whole urogenital systems of male mice (control n=7, mutant n=8). Note the attachment of the 
epididymal fat pad to the kidney, lack of adrenals and hydroureter (hu) in the mutant. (B,C) 
Hematoxylin and eosin staining on sagittal kidney sections (B) and transverse sections of the 
proximal ureter (C). (D-G) Analysis of expression of SMC markers on transverse sections of 
the proximal ureter region by in situ hybridization (D-F) and by immunofluorescence (G) re-
veals reduced SMC differentiation in the mutant. (H,I) Analysis of urothelial differentiation by 
(co-)immunofluorescent detection the B-cell marker KRT5 and the I-cell marker DNP63 (H) 
and the S-cell marker UPK1B (I). (G-I) Nuclei are counterstained with DAPI. At least three 
(n>=3) independent specimens were analyzed for each assay (B-I). a, adrenal; hu, hy-
droureter; efp, epididymal fat pad; k, kidney; pa, papilla; u, ureter; ue, ureteric epithelium; um, 
ureteric mesenchyme. 
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Fig. 4. SMC differentiation is not initiated in Gata6cKO ureters at E14.5 to E16.5. (A) 
Morphology of whole urogenital systems of male embryos. Arrowheads mark hypoplastic ad-
renals, arrows point to undescended testes (E14.5: control n=6, Gata6cKO n=7, E15.5: control 
n=6, Gata6cKO n=5, E16.5: control n=24, Gata6cKO n=7). (B) Hematoxylin and eosin staining 
on transverse sections of the proximal ureter shows hydroureter formation at E16.5, i.e. shortly 
after onset of urine production in the kidney. (C,D) Expression analysis of SMC markers by 
RNA in situ hybridization on proximal ureter sections (C) and by immunofluorescence (D). (E) 
Cytodifferentiation of the urothelium as shown by immunofluorescence for KRT5, DNP63 and 
UPK1B. Nuclei are counterstained with DAPI (D,E). n>=3, each genotype and assay (B-E). a, 
adrenal gland; bl, bladder; hu, hydroureter; k, kidney; ue, ureteric mesenchyme; um, ureteric 
mesenchyme. 
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Fig. 5. Peristaltic activity and SMC differentiation are regained in Gata6cKO ureters in 
absence of hydrostatic pressure. (A) E14.5 ureters were explanted and grown for 8 days in 
culture. Vertical lines indicate proximal, medial, and distal ureter levels. Morphology and peri-
staltic activity was monitored every second day using video-microscopy. (B) Statistical analysis 
of peristaltic activity (expressed as contractions per min) of control (n=8) and mutant ureters 
(n=8). Bar graphs display mean±sd. Differences were considered significant with a P-value 
below 0.05 (p<0.05, *), highly significant (p≤0.005, **) and extremely significant (p≤ 0.0005, 
***), two‐tailed Student's t‐test. For source data and statistics see Table S2. (C) Analysis of 

contraction intensity measured at proximal, medial and distal levels of E14.5 ureters. Signifi-
cance levels are as in (B). For source data and statistics see Table S3. (D) Analysis of SMC 
differentiation of the UM by RNA in situ hybridization and immunofluorescence of markers on 
sections of explants of E14.5 ureters grown for 6 days in culture. n>=3, each genotype and 
probe. (E) E18.5 ureters were explanted and grown for 6 days in culture. Vertical lines indicate 
proximal, medial, and distal ureter levels. (F) Statistical analysis of peristaltic activity (ex-
pressed as contractions per min) of control (n=8) and mutant ureters (n=11). Bar graphs dis-
play mean±sd. Significance levels are as in (B). For source data and statistics see Table S4. 
(G) Analysis of contraction intensity measured at proximal, medial and distal levels of E18.5 
ureters. Significance levels are as in (B). For source data and statistics see Table S5. (H) 
Analysis of SMC differentiation of the UM by RNA in situ hybridization and immunofluores-
cence of markers on sections of explants of E18.5 ureters grown for 6 days in culture. n>=3, 
each genotype and probe. 
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Fig. 6. Expression of Myocd is delayed and reduced in Gata6cKO ureters. (A) Pie chart 
summarizing the results from the microarray analysis of E14.5 control and Gata6cKO ureters. 

(B,C) List of 57 genes with increased expression (FC≥2.0) (B) and list of 61 genes with de-

creased expression (FC≤-2.0) (C) in the microarray analysis of E14.5 Gata6cKO ureters. (D,E) 
RNA in situ hybridization analysis on sections of the proximal ureter at E14.5 for genes encod-
ing components and targets of RA signaling (D), and for microarray candidates (E). (F) RT-
qPCR results of expression of selected genes in three independent total RNA pools of E14.5 
control and Gata6cKO ureters. Differences were considered non-significant (ns) with a P-value 
>0.05; significant (*) p≤0.05, highly significant (**) p≤0.01); two-tailed Student’s t-test. For val-
ues and statistics see Table S10. (G) RNA in situ hybridization analysis of Myocd expression 
on sections of the proximal ureter at E15.5, E16.5, E18.5, and of ureters explanted at E18.5 
and cultured for 6 days. k, kidney; ue, ureteric epithelium; um, ureteric mesenchyme. 
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Supplemental Figures 

 

 

 
Fig. S1. The Tbx18cre driver line mediates conditional deletion of Gata6 in the UM. (A) In 
situ hybridization analysis of Gata6 expression on sagittal sections of the metanephros of 
E11.5 wildtype and Gata6cKO (Tbx18cre/+;Gata6fl/fl) embryos using a probe against exon2, 
which is floxed in the Gata6fl allele. (B) Immunofluorescence analysis of GATA6 protein on 
proximal sections of the ureter at E12.5. n>=3 each assay and genotype. nd, nephric duct; ue, 
ureteric epithelium; um, ureteric mesenchyme; ut, ureteric tip; u, ureter. 
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Fig. S2. Gata6cKO embryos are viable and display ureter dilatation of variable severity 
at E18.5. (A) Distribution of genotypes in litters of matings of Tbx18cre/+;Gata6fl/+ males with 
Gata6fl/fl females at the indicated stages. Shown are the stages, the number of embryos, the 
expected and obtained frequency of the indicated genotypes. (B) Morphology of whole uro-
genital systems of E18.5 Gata6cKO embryos displaying different grades of hydroureter (hu) 
used for classification in the Table shown in (C). (C) Distribution of ureter dilatations of different 
severity in Tbx18cre/+;Gata6fl/+ and Tbx18cre/+;Gata6fl/fl  embryos at E18.5. 
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Fig. S3. Weak proximal hydroureter is associated with reduced expression of SMC 
markers in Gata6cKO embryos at E18.5. (A) Immunofluorescence of the SMC markers 
ACTA2 and TAGLN and (B) RNA in situ hybridization analysis of SMC genes (Tagln, Tnnt2, 
Myh11), of the lamina propria marker Aldh1a2, and of the tunica adventitia marker Dpt on 
transverse sections of the proximal ureter. (C) Analysis of urothelial differentiation by immuno-

fluorescent detection of the B-cell marker KRT5, the I-cell marker NP63 and the S-cell marker 
UPK1B on proximal ureter sections. Nuclei are counterstained with DAPI (blue, in A and C). 
ue, ureteric epithelium; um, ureteric mesenchyme.  
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Fig. S4. Expression of SMC markers is partly reduced in distal ureters in Gata6cKO em-
bryos at E18.5. (A) Immunofluorescence of the SMC markers ACTA2 and TAGLN and (B) 
RNA in situ hybridization analysis of SMC genes (Tagln, Tnnt2, Myh11), of the lamina propria 
marker Aldh1a2, and of the tunica adventitia marker Dpt on transverse sections of the proximal 
ureter. (C) Analysis of urothelial differentiation by immunofluorescent detection of the B-cell 

marker KRT5, the I-cell marker NP63 and the S-cell marker UPK1B on proximal ureter sec-
tions. Nuclei are counter-stained with DAPI (blue, in A and C). ue, ureteric epithelium; um, 
ureteric mesenchyme.  
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Fig. S5. Differentiation of fibrocytes is unchanged in Gata6cKO ureters at E14.5 to E16.5. 
Shown are RNA in situ hybridization analyses on sections of the proximal ureter at E14.5, 
E15.5 and E16.5 of control and Gata6cKO embryos for the lamina propria marker Aldh1a2 and 
the tunica adventitia markers Col1a2, Dpt, Fbln2. rs, renal stroma; ue, ureteric epithelium; um, 
ureteric mesenchyme.  
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Fig. S6. Proliferation and apoptosis are not affected in Gata6cKO embryos at E12.5 and 
E14.5. (A) Immunofluorescent analysis of apoptosis (green) by the TUNEL assay on proximal 
ureter sections. Nuclei are counterstained with DAPI (blue). ue, ureteric epithelium; um, ure-
teric mesenchyme. (B) Immunohistochemical detection of BrdU on proximal ureter sections. 
White circles demarcate the ureteric epithelium (E), the inner and outer mesenchymal cell 
populations (IM and OM). (C) Quantification of BrdU-positive cells in E12.5 control (n=3) versus 
mutant (n=3) ureters. Values are displayed as mean ± sd. All values are ns, i.e. P>0.05; two-
tailed Student's t-test. For source data and statistics see Table S1.  
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Fig. S7. RNA in situ hybridization analysis of genes with altered expression in microar-
rays of E14.5 Gata6cKO ureters. (A,B) Shown are RNA in situ hybridization analyses of prox-
imal ureter sections of control and Gata6cKO embryos for genes with increased expression 
(A) and genes with decreased expression (B) in Gata6cKO microarrays. Probes, genotypes 
and fold changes in the microarray are as indicated. n>=3, all probes. ue, ureteric epithelium; 
um, ureteric mesenchyme. 
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Fig. S8. Signaling pathways relevant for SMC differentiation are unchanged in their ac-
tivity/expression in Gata6cKO ureters at E14.5. Shown are RNA in situ hybridization anal-
yses on sections of the proximal ureter of E14.5 control and Gata6cKO embryos of Shh, and 
the targets of SHH signaling, Ptch1 and Gli1; of Wnt7b and Wnt9b, and the WNT target gene 
Axin2; of Bmp4, and its target genes Id2 and Id4. n>=3 each marker, each genotype. ue, ure-
teric epithelium; um, ureteric mesenchyme.  
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Fig. S9. Transcription factors relevant for SMC differentiation are unchanged in their 
expression in Gata6cKO ureters at E14.5. (A) RNA in situ hybridization analysis for expres-
sion of Foxf1, Gata2, Sox9, Tbx18, Tcf21, Tshz3, Tbx2, Tbx3 and (B) immunofluorescence 
analysis of TBX2 and TBX3 on sections of the proximal ureter at E14.5 of control and 
Gata6cKO embryos. Nuclei are counterstained with DAPI (B). n>=3 each marker, each geno-
type. ue, ureteric epithelium; um, ureteric mesenchyme.  
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Fig. S10. Reduction of RA signaling does not rescue peristalsis defects in Gata6cKO 
ureters. Kidney rudiments from E13.5 control and Gata6cKO embryos were explanted and 
cultured for 6 days in the presence of DMSO (control) or 1 µM of the RA signaling inhibitor 
BMS493. Peristalsis was monitored daily in 1-min intervals. (A) Percentage of ureters that 
show peristaltic activity at the individual days during the culture period. (B) Statistical analysis 
of peristaltic activity (expressed as contractions per min) of control DMSO-treated (n=28), con-
trol BMS493-treated (n=29), mutant DMSO-treated (n=16) and mutant BMS493-treated (n=16) 
ureters.. Bar graphs display mean±sd. Differences were considered significant with a P-value 
below 0.05 (p<0.05, *), highly significant (p≤0.005, **) and extremely significant (p≤ 0.0005, 
***); two‐tailed Student's t‐test. For source data and statistics see Table S11.   
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Fig. S11. Gata2 and Gata6 do not interact in SMC differentiation in the developing ureter. 
Morphological analysis of whole urogenital systems of control (n=20), Tbx18cre/+;Gata6fl/+ 
(n=14), Tbx18cre/+;Gata2fl/+ (n=3) and Tbx18cre/+;Gata2fl/+;Gata2fl/+(n=20) embryos at E18.5.  
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Supplementary tables 

 

 

Table S1. Statistical evaluation of the BrdU incorporation assay in E12.5 and E14.5 con-

trol and Gata6cKO ureters. E, epithelium; IM, inner layer of the ureteric mesenchyme; OM, 

outer layer of the ureteric mesenchyme.   

 

 

Table S2.  Statistics of the peristaltic frequency of explant cultures of E14.5 control and 

Gata6cKO ureters. 

 

 

Table S3. Statistics of the peristaltic intensity of explant cultures of E14.5 control and 

Gata6cKO ureters. 

 

 

 

 

E12.5  E IM OM

control (n=3) 0.30±0.2 0.39±0.08 0.19±0.04

Gata6cKO (n=3) 0.45±0.28 0.36±0.08 0.15±0.004

t-Test 0,4921988 0,569572 0,2624481

 E14.5 E IM OM

control (n=3) 0.33±0.02 0.40±0.05 0.32±0.03

Gata6cKO (n=3) 0.35±0.09 0.33±0.06 0.27±0.04

t-Test 0,7711156 0,1628705 0,1590087

2 days 4 days 6 days 8 days

control (n=8) 1.06±0.6 1.50±0.6 3.06±0.6 2.97±0.4

Gata6cKO (n=8) 0 0.31±0.37 1.88±0.8 2.31±0.9

t-Test 0,0001047 0,0002122 0,0046121 0,0775856

2 days 4 days 6 days 8 days

control proximal (n=8) 0.23±0.13 0.67±0.08 0.68±0.12 0.65±0.17

Gata6cKO proximal (n=8) 0 0.27±0.14 0.47±0.16 0.46±0.11

t-Test proximal 0,0001357 4,86E-01 0,0112539 0,019402

control medial  (n=8) 0.19±0.06 0.55±0.12 0.56±0.17 0.61±0.17

Gata6cKO medial  (n=8) 0 0.32±0.19 0.45±0.19 0.50±0.16

t-Test medial 5,04E-02 0,033822 0,2046569 0,2110983

control distal  (n=8) 0.08±0.08 0.46±0.11 0.56±0.18 0.54±0.19

Gata6cKO distal  (n=8) 0 0.21±0.08 0.43±0.13 0.53±0.16

t-Test distal 0,0144015 0,0013368 0,1245349 0,8857825
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Table S4.  Statistics of the peristaltic frequency of explant cultures of E18.5 control and 

Gata6cKO ureters. 

 

 

Table S5. Statistics of the peristaltic intensity of explant cultures of E18.5 control and 

Gata6cKO ureters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 days 2 days 4 days 6 days

control (n=11) 1.57±0.4 2.07±0.9 2.07±0.6 2.02±0.7

Gata6cKO (n=8) 0.88±0.7 1.53±0.6 1.69±0.6 1.66±0.6

t-Test 0,0069488 0,1609758 0,176243 0,2452143

0 days 2 days 4 days 6 days

control proximal (n=11) 0.19±0.04 0.29±0.07 0.32±0.05 0.35±0.07

Gata6cKO proximal(n=8) 0.05±0.02 0.11±0.04 0.19±0.07 0.16±0.05

t-Test proximal 8,72E-04 0,0001466 0,0007625 0,0001286

control medial (n=11) 0.22±0.04 0.33±0.04 0.43±0.09 0.41±0.06

Gata6cKO medial (n=8) 0.07±0.02 0.24±0.07 0.35±0.06 0.36±0.05

t-Test medial 5,68E-02 0,0093293 0,0823311 0,200487

control distal (n=11) 0.19±0.05 0.31±0.09 0.41±0.06 0.42±0.06

Gata6cKO distal (n=8) 0.05±0.03 0.21±0.06 0.30±0.07 0.30±0.05

t-Test distal 2,26E-01 0,0428714 0,0064858 0,0020696
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Table S6.  Genes with increased expression in microarrays of E14.5 Gata6cKO ureters. 
Shown are gene names, individual intensities of the two control and mutant samples and the 
individual and average fold change (avgFC).  

GeneName control 1 mutant 1 control 2 mutant 2 FC1 FC2 avgFC

Evx1 19 149 19 178 7,9 9,5 8,7

Aldh1a3 336 1730 362 2117 5,2 5,9 5,5

D030062O11Rik 31 145 29 144 4,6 5,0 4,8

Cartpt 301 1249 236 1228 4,1 5,2 4,7

Slc7a14 27 108 20 101 4,0 5,2 4,6

Col8a1 74 289 50 241 3,9 4,8 4,3

Stmn4 311 1157 241 1066 3,7 4,4 4,1

Nefm 199 829 212 805 4,2 3,8 4,0

Adamts18 195 584 162 771 3,0 4,8 3,9

Gdnf 105 348 76 326 3,3 4,3 3,8

Fam150b 49 220 77 241 4,5 3,1 3,8

Rspo1 158 496 82 350 3,1 4,3 3,7

Dpp6 34 119 37 137 3,5 3,7 3,6

Slc18a3 58 228 63 199 3,9 3,2 3,6

Nefl 515 1725 421 1536 3,4 3,6 3,5

Rab3c 69 209 59 213 3,0 3,6 3,3

Elavl3 131 326 98 379 2,5 3,9 3,2

Tlx2 456 1192 305 1089 2,6 3,6 3,1

Stmn3 265 695 206 709 2,6 3,4 3,0

Tubb3 191 533 173 565 2,8 3,3 3,0

Vgf 55 163 46 141 3,0 3,0 3,0

Prph 110 326 106 319 3,0 3,0 3,0

D230018H15Rik 194 518 164 542 2,7 3,3 3,0

Gm5868 100 270 83 263 2,7 3,2 2,9

Dcx 157 321 100 369 2,0 3,7 2,9

Ramp1 67 143 52 182 2,1 3,5 2,8

Phox2b 428 958 284 967 2,2 3,4 2,8

Slc38a5 1053 2370 819 2715 2,3 3,3 2,8

Hand2 269 600 166 551 2,2 3,3 2,8

Pcnxl2 59 136 51 164 2,3 3,2 2,8

Shisa6 51 125 34 102 2,5 3,0 2,7

Ntrk1 62 186 77 189 3,0 2,4 2,7

AK081501 132 362 165 442 2,7 2,7 2,7

D9Ertd115e 126 310 123 357 2,5 2,9 2,7

1010001N08Rik 1331 3098 1308 3954 2,3 3,0 2,7

Celsr3 191 407 130 415 2,1 3,2 2,7

Scg2 52 111 33 101 2,1 3,1 2,6

Vat1l 668 1425 502 1505 2,1 3,0 2,6

DV650784 52 121 46 129 2,3 2,8 2,6

Hoxd13 293 809 358 842 2,8 2,4 2,6

Dbh 1117 2778 920 2351 2,5 2,6 2,5

Inhba 656 1509 635 1703 2,3 2,7 2,5

Asgr1 124 349 143 305 2,8 2,1 2,5

Isl1 386 947 354 875 2,5 2,5 2,5

Igfbp2 3000 7363 2981 7101 2,5 2,4 2,4

St6galnac5 45 115 48 107 2,6 2,2 2,4

Wt1 2502 5899 2110 5071 2,4 2,4 2,4

Fat3 56 144 63 136 2,6 2,2 2,4

Fos 3432 8771 3084 6676 2,6 2,2 2,4

Kcnip4 164 414 150 324 2,5 2,2 2,3

Kcnd3 1026 2698 1197 2452 2,6 2,0 2,3

Ntrk3 111 252 106 251 2,3 2,4 2,3

Npr3 351 787 306 698 2,2 2,3 2,3

Aldh1a2 5265 11983 5952 13159 2,3 2,2 2,2

9130001E16Rik 84 184 98 222 2,2 2,3 2,2

Kcnma1 525 1051 515 1089 2,0 2,1 2,1

G6pc2 59 119 52 106 2,0 2,0 2,0
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Table S7. Genes with decreased expression in microarrays of E14.5 Gata6cKO ureters.        
Shown are gene names, individual intensities of the two control and mutant samples and the 
individual and average fold change (avgFC). 
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Part 1- GATA6 in SMC differentiation 
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Table S8. Functional annotation by DAVID for genes with increased expression in the 
microarray of E14.5 Gata6cKO ureters  
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Table S9. Functional annotation by DAVID for genes with decreased expression in the 
microarray of E14.5 Gata6cKO ureters. 
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Supplementary Table S10. qRT-PCR analysis of SMC gene expression in control and 
Gata6-cKO ureters at E14.5 
 

 
Table S11. Statistics of the peristaltic frequency of explant cultures of E18.5 control and 
Gata6cKO ureters treated with the pan-RAR antagonist BMS493. 
 

 
Supplementary Table S12. Primers for qRT-PCR analysis of gene expression. 
 

biological replicates

gene genotype #1 #2 #3 mean

standard 

deviation #1 #2 #3 mean

standard 

deviation

Student's t-

test-unpaired

Myocd control 1 1,278 1,074 1,117333333 0,117556606 0,89498807 1,14379475 0,96121718 1 0,105211759 p = 0,0016

Gata6-cKO 0,397 0,138 0,236 0,257 0,106773904 0,35531026 0,12350835 0,21121718 0,23001193 0,095561371

Foxf1 control 1 1,258 1,214 1,157333333 0,112692305 0,8640553 1,08698157 1,04896313 1 0,097372383 p = 0,4025

Gata6-cKO 1,419 0,52 0,742 0,893666667 0,38236312 1,22609447 0,44930876 0,64112903 0,77217742 0,330382879

Axin2 control 1 1,749 1,466 1,405 0,308805224 0,71174377 1,24483986 1,04341637 1 0,219790197 p = 0,7354

Gata6-cKO 1,722 0,691 1,395 1,269333333 0,430181615 1,22562278 0,49181495 0,99288256 0,9034401 0,306179085

Id2 control 1 1,678 1,211 1,296333333 0,283292938 0,77140653 1,29442016 0,93417331 1 0,218534023 p = 0,6363

Gata6-cKO 1,19 1,857 1,285 1,444 0,294599163 0,91797377 1,43250193 0,99125739 1,11391103 0,22725572

Rarb control 1 1,364 1,116 1,16 0,15182446 0,86206897 1,17586207 0,96206897 1 0,130883154 p = 0,6935

Gata6-cKO 1,432 0,838 1,513 1,261 0,300928563 1,23448276 0,72241379 1,30431034 1,08706896 0,259421175

normalized biological replicates

2 days 3 days 4 days 5 days 6 days

control , DMSO-treated (n=28) 0 0 0.22±0.5 1.09±0.6 1.88±0.7

control , BMS493-treated 

(n=29)
0.12±0.3 0.66±0.4 0.95±0.3 1.14±0.4 1.30±0.6

Gata6cKO , DMSO-treated 

(n=16)
0 0 0.22±0.5 1.09±0.6 1.88±0.7

Gata6cKO , BMS493-treated 

(n=16)
0 0 0 0.03±0.1 0.25±0.3

ttest DMSO-treated control vs. 

DMSO Gata6cKO
0.083995 0.000406 2,75E+07 8,25E-07 0.019571

ttest BMS493-treated control vs. 

BMS493 Gata6cKO

0.019476 2,10E-08 8,19E-15 8,69E-14 3,55E-08

ttest DMSO-treated control vs. 

BMS493-treated control
0.227755 0.727461 4,51E-05 2,23E-10 1,29E-07

ttest DMSO-treated Gata6cKO  vs. 

BMS493-treated Gata6cKO

0 0 0.079459 1,49E-07 1,70E-09

Onset of peristaltic activity:

2 days 3 days 4 days 5 days 6 days

control , DMSO-treated (n=28) 7 (25%) 20 (71,4%) 27 (96,4%) 28 (100%) 28 (100%)

control , BMS493-treated (n=29) 10 (34,5%) 25 (86%) 29 (100%) 29 (100%) 29 (100%)

Gata6cKO, DMSO-treated (n=16) 0 0 3 (18,8%) 16 (100%) 16 (100%)

Gata6cKO, BMS493-treated (n=16) 0 0 0 1 (6,25%) 43,75 (100%)

Gene Forward primer Reverse primer

Axin2 5′-GCAGAAGCCACACAGAGAGT-3′ 5′-CACCTCTGCTGCCACAAAAC-3′

Foxf1 5′-CAAGGCATCCCTCGGTATCA-3′ 5′-AGATCCTCCGCCTGTTGTATG-3′

Gapdh 5′-ATGACATCAAGAAGGTGGTG-3′ 5′-CATACCAGGAAATGAGCTTG-3′ 

Id2 5′-CTGGACTCGCATCCCACTATC-3′ 5′-ATGCCTGCAAGGACAGGATG-3′

Myocd 5′-CACACCTCAAAGAACCAAATGAAC-3′ 5′-TTTTGACAGGGGATAGAGGGG-3′

Ppia 5′-GATTCATGTGCCAGGGTGGT-3′ 5′-GCCATTCAGTCTTGGCAGTG-3′ 

Rarb 5′-AGAAAACGACGACCCAGCAA-3′ 5′-ATTACACGTTCGGCACCTTTC-3′
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Delayed onset of smooth muscle cell differentiation leads to hydroureter for-
mation in mice with conditional loss of the zinc finger transcription factor gene 

Gata2 in the ureteric mesenchyme 
Weiss A-C et al. J Pathol DOI: 10.1002/path.5270 

  

 

Supplementary Figures 

 

 

 

 

 

Figure S1. Gata2 expression in the developing bladder is confined to superficial cells. (A, B) 
In situ hybridisation analysis of Gata2 mRNA (A) and immunofluorescence analysis of GATA2 
protein expression (B) on sagittal bladder sections of wild-type embryos from E12.5 to E18.5. 
The expression patterns of Gata2 mRNA and GATA2 protein overlap throughout bladder de-
velopment. Expression is absent in the mesenchymal compartment but found in superficial 
cells of the urothelium at E16.5 and E18.5. bl, bladder; be, bladder epithelium; bm, bladder 
mesenchyme; sc, superficial cells; us, urogenital sinus.  
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Figure S2. Expression of GATA2 is dramatically reduced in the UM of Gata2cKO embryos. 
Immunofluorescence analysis of GATA2 expression on sections of the proximal ureter region 
of control and Gata2cKO (Tbx18cre/+;Gata2fl/fl) embryos at E12.5 and E13.5. ue, ureteric epi-
thelium; um, ureteric mesenchyme. 
 

 



 

79 

Part 2 – GATA2 in SMC differentiation 

 

Figure S3. Gata2cKO embryos display a range of ureter dilatations at E18.5. Morphology of 
whole urogenital systems of Tbx18+/+;Gata2fl/+, Tbx18cre/+;Gata2fl/+, and Tbx18cre/+;Gata2fl/fl em-
bryos at E18.5. Heterozygous loss of Gata2 in the UM does not result in morphological defects, 
whereas homozygous loss leads to ureter dilatations of different severities, ranging from uni-
lateral hydroureter to bilateral megaureter. Numbers indicate the frequency of the observed 
phenotype (n = 15). 
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Figure S4. Gata2cKO embryos display megaureter at E18.5. (A–D) Morphology of whole uro-
genital systems of male (A, B) and female embryos (C, D). (B, D) Arrows point to the megaure-
ter. (E–H) Haematoxylin and eosin staining of transverse ureter sections (E, F) and of sagittal 
kidney sections (G, H). (I–B') Cytodifferentiation of the UM (I–V) and of the urothelium (W-B') 
as shown by immunofluorescence (I–L and Y–B') and by section RNA in situ hybridisation 
analysis (M–X). Urothelial differentiation appears unaffected, but SMC differentiation is se-
verely compromised in the mutant. (C'–F') Analysis of the VUJ by ink injection (C', D') and by 
haematoxylin and eosin staining of sagittal bladder sections (E', F') shows physical obstruction 
caused by blind-ending ureters in the mutant. Arrows point to the orifice of the ureter (E', F'). 
Genotypes, probes, and antigens are as indicated. bl, bladder; k, kidney; pa, papilla; pe, pelvis; 
u, ureter; ue, ureteric epithelium; um, ureteric mesenchyme; t, testis. 
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Figure S5. Loss of Gata2 in the UM does not affect the excitation/conduction system of the 
upper urinary tract. Immunofluorescence analysis of sagittal kidney (A–D) and proximal ureter 
sections (E, F) of E18.5 control and Gata2cKO (Tbx18cre/+;Gata2fl/fl) embryos. Expression of 
HCN3, a marker for the pacemaker cells in the renal pelvis, and of KIT, a marker for interstitial 
Cajal-like cells in the renal pelvis and outer mesenchymal region of the ureter, is unchanged. 
ra, renal artery; ue, ureteric epithelium; um, ureteric mesenchyme. 
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Figure S6. Gata2cKO embryos do not exhibit SMC defects in the bladder at E18.5. Immuno-
fluorescence analysis of expression of the two SMC structural proteins TAGLN and ACTA2 on 
sagittal sections of the bladder of control and Gata2cKO (Tbx18cre/+;Gata2fl/fl) embryos. Note 
that the Tbx18cre line mediates recombination in the bladder mesenchyme. Hence, even weak 
expression of Gata2 in the bladder mesenchyme would be interrogated for functional rele-
vance.  
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Figure S7. Proliferation and apoptosis are not affected in Gata2cKO ureters at E12.5 and 
E14.5. (A) Immunofluorescent analysis (green) of apoptosis by the TUNEL assay on proximal 
ureter sections. Nuclei are counter-stained with DAPI (blue). Loss of Gata2 in the UM does not 
lead to an increase in apoptosis. (B) Immunohistochemical detection of BrdU on proximal ure-
ter sections. Black circles demarcate the ureteric epithelium (E) and the inner and outer mes-
enchymal cell populations (IM and OM). (C) Cell proliferation is unaffected in the epithelial and 
mesenchymal tissue compartments of Gata2cKO (Tbx18cre/+;Gata2fl/fl) ureters as quantified by 
the BrdU index in the areas indicated in B. Values are displayed as mean ± SD. *p ≤ 0.05; **p 
≤ 0.01; ***p ≤ 0.001 two-tailed Student’s t-test. For statistical values see the supplementary 
material, Table S1. 
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Figure S8. E14.5 Gata2cKO ureters display reduced contraction intensity after 6 days of cul-
ture. Plot of multi-kymograph ratios representing the intensity of one contraction of E14.5 con-
trol and Gata2cKO (Tbx18cre/+;Gata2fl/fl) ureters after 6 days in culture. Video-monitored were 
100 frames per second and displayed as 20 s real time. Wild-type ureters reach their intensity 
peak of approximately 70% after 8 s and relax afterwards, whereas the mutant ureters reach 
only 10% contraction intensity in the proximal region and up to 30% at medial and distal levels. 
For values and statistical significances at each time-point see the supplementary material, 
Table S3.  
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Figure S9. Expression of signalling pathways and transcription factors relevant for SMC dif-
ferentiation of the UM in Gata2cKO embryos at E14.5. Shown are RNA in situ hybridisation 
analyses of proximal ureter sections of control and Gata2cKO (Tbx18cre/+;Gata2fl/fl) embryos. 
Probes and genotypes are indicated. ue, ureteric epithelium; um, ureteric mesenchyme. 
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Figure S10. GATA2 binding peaks in ChIP-seq experiments of E14.5 ureters; group of genes 
with reduced expression in Gata2cKO ureters. Schemes depict the genomic organisation of 
loci which harbour GATA2 binding peaks from the group of down-regulated transcripts. Exon 
coding sequences are shown as large black boxes, 3'- and 5'-UTRs are indicated as smaller 
black boxes. Binding peaks as detected by ChIP-seq analysis are plotted as black vertical lines 
with relative peak height. GATA sites are indicated.  
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Figure S11. GATA2 binding peaks in ChIP-seq experiments of E14.5 ureters; group of genes 
with increased expression in Gata2cKO ureters. Schemes depict the genomic organisation of 
loci which harbour GATA2 binding peaks from the group of up-regulated transcripts. Exon 
coding sequences are shown as large black boxes, 3'- and 5'-UTRs are indicated as smaller 
black boxes. Binding peaks as detected by ChIP-seq analysis are plotted as black vertical lines 
with relative peak height. GATA sites are indicated.  
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Figure S12. Expression of genes down-regulated in microarrays of Gata2cKO ureters at 
E14.5. Shown are RNA in situ hybridisation analyses of proximal ureter sections of control and 
Gata2cKO (Tbx18cre/+;Gata2fl/fl) embryos. Insets display positive control regions. Probes, gen-
otypes, and fold changes in the microarray are as indicated. ue, ureteric epithelium; um, ure-
teric mesenchyme. 
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Figure S13. Expression of genes up-regulated in microarrays of Gata2cKO ureters at E14.5. 
Shown are RNA in situ hybridisation analyses of proximal ureter sections of control and 
Gata2cKO (Tbx18cre/+;Gata2fl/fl) embryos. Insets display positive control regions. Probes, gen-
otypes, and fold changes in the microarray are as indicated. ue, ureteric epithelium; um, ure-
teric mesenchyme. 
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Figure S14. SOSTDC1 affects ureter peristalsis. Administration of 1 µg SOSTDC1 protein or 
DMSO as a control to explants of E13.5 wild-type ureters. (A) Bright-field images of the mor-
phology of E13.5 ureters grown for 10 days in culture. (B) Analysis of peristaltic contractions 
from day 4 to day 10 of culture shows that SOSTDC1-treated ureters exhibit a significantly 
reduced contraction frequency at days 4 and 6 of the culture compared with the control. Con-
traction frequency at 4 days: DMSO 1.86 ± 0.37; 1 µg SOSTDC1 1 ± 0.58, p = 0.007846381. 
Contraction frequency at 6 days: DMSO 2.58 ± 0.54; 1 µg SOSTDC1 1.85 ± 0.37, p = 
0.01504815. Contraction frequency at 8 days: DMSO 2.85 ± 0.89; 1 µg SOSTDC1 2.57 ± 0.53, 
p = 0.48703625. Contraction frequency at 10 days: DMSO 3.57 ± 0.53; 1 µg SOSTDC1 3 ± 
0.81, p = 0.15136401. Differences were considered significant with a P value below 0.05 (*p < 
0.05), highly significant (**p ≤ 0.01), and extremely significant (***p ≤ 0.001); two-tailed Stu-
dent’s t-test. Stages, time points, and genotypes are indicated. 
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Abstract 

 

The contractile phenotype of smooth muscle cells (SMCs) is transcriptionally 

controlled by a complex of the DNA-binding protein SRF and the transcriptional 

co-activator MYOCD. The pathways that activate expression of Myocd and of 

SMC structural genes in mesenchymal progenitors are diverse reflecting differ-

ent signaling inputs from adjacent epithelial or endothelial primordia. Taking the 

ureter as a model, we analyzed whether Notch signaling, a pathway previously 

implicated in vascular SMC development, also affects visceral SMC differentia-

tion. We show that mice with a conditional deletion of the unique Notch mediator 

RBPJ in the undifferentiated ureteric mesenchyme exhibit altered ureter peristal-

sis with a delayed onset and decreased contraction frequency and intensity at 

fetal stages, culminating in hydroureter formation after birth. Notch signaling is 

required for precise temporal activation of Myocd expression, and inde-

pendently, for expression of a group of late SMC structural genes. Hence, Notch 

signaling regulates visceral SMC differentiation but its molecular function differs 

from that in the vascular system.  
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Introduction 

 

Smooth muscle cells (SMCs) are found in the mesenchymal wall of many visceral tub-

ular organs but also as an ensheathment of endothelial cells in the vascular system. 

Due to their contractile activity, they play a decisive role in maintaining the flexibility 

and rigidity of these tubes and in mediating the unidirectional transport of their luminal 

content. SMCs arise from a diverse range of progenitors and show a high phenotypic 

plasticity, yet their specialized contractile phenotype seems universally transcription-

ally controlled by a complex of the DNA-binding protein serum response factor (SRF) 

and the coactivator Myocardin (MYOCD) (Norman et al., 1988; Yoshida et al., 2003; 

Wang and Olson, 2004). Expression of Myocd and of SMC structural genes occurs in 

SMC progenitors as a response to a multitude of extrinsic and intrinsic signals. The 

nature of these signals seems fundamentally different in vascular and visceral SMC 

progenitors, probably due to their specific association with endothelial and epithelial 

primordia, respectively (Creemers et al., 2006; Mack, 2011; Shi and Chen, 2016; 

Donadon and Santoro, 2021).  

Due to its simple design, its pharmacological and genetic accessibility and its rele-

vance for congenital anomalies in humans, the murine ureter is an attractive model to 

unravel the regulatory network that drives visceral SMC differentiation during organo-

genesis (Woolf and Davies, 2013; Bohnenpoll and Kispert, 2014; Woolf et al., 2019). 

Previous work has shown that visceral SMCs of the mouse ureter arise from a Tbx18+ 

mesenchymal progenitor pool that surrounds the distal aspect of the ureteric bud, an 

epithelial diverticulum of the nephric duct, at embryonic day (E)11.0 (Bohnenpoll et al., 

2013). Until E14.5, two signals from the ureteric epithelium (UE), SHH and WNTs, act 

on the undifferentiated ureteric mesenchyme (UM) to maintain its proliferative expan-

sion and trigger SMC differentiation. SHH activates the expression of the transcription 

factor gene Foxf1 in the UM which, in turn, induces and synergizes with the signaling 

molecule BMP4 in activation of Myocd and SMC structural genes (Yu et al., 2002; 

Bohnenpoll et al., 2017c; Mamo et al., 2017). WNTs, at least partly, act through the 

transcription factors TBX2 and TBX3 to maintain BMP4 signaling and suppress an 

outer adventital fate (Trowe et al., 2012; Aydogdu et al., 2018). Retinoic acid (RA) 

synthesized in both the UM and UE inhibits SMC differentiation possibly by counter-

acting WNT signaling (Bohnenpoll et al., 2017b). As a consequence of a poorly under-

stood interplay of these and most likely additional signals Myocd is precisely activated 
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in the inner layer of the proximal UM at E14.5, expression of SMC structural genes 

starts at E15.5, and a peristaltically active SMC layer is established concomitantly with 

onset of urine production in the kidney around E16.5 (Bohnenpoll et al., 2017a). 

Notch is an evolutionary conserved signaling pathway that mediates contact-depend-

ent cell-to-cell communication in a variety of developmental contexts. In mammals, four 

Notch receptors (NOTCH1-4) and five ligands (Jagged1 and 2 (JAG1,2), Delta-like 1, 

3, and 4 (DLL1,3,4)) are described which are all type I transmembrane proteins. Lig-

and-receptor interaction triggers proteolytic cleavages that release the intracellular do-

main of the receptor (NICD) from the membrane. NICD translocates to the nucleus 

where it forms an active transcriptional complex with the transcription factor RBPJ and 

several co-activators (Kopan, 2012; Kovall et al., 2017; Henrique and Schweisguth, 

2019). Notch signaling has been characterized as a crucial pathway for vascular SMC 

differentiation (Baeten and Lilly, 2017; Fouillade et al., 2012) whereas its potential role 

in visceral SMC development has remained unexplored.  

Here, we set out to analyze a possible role of Notch signaling in visceral SMC differ-

entiation in the murine ureter. We show that the pathway is essential to timely activate 

and maintain expression of Myocd and of late SMC structural genes, and hence, to 

achieve and maintain proper peristaltic activity in this organ. 
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Materials and Methods 

 

Mouse strains and husbandry 

All alleles used in this study were maintained on an NMRI outbred background: 

Rbpjtm1.1Hon (synonym: Rbpjfl) (Tanigaki et al., 2002), (Gt(ROSA)26Sortm1(Notch1)Dam 

(synonym: Rosa26NICD) (Murtaugh et al., 2003), Tbx18tm4(cre)Akis (synonym: Tbx18cre) 

(Trowe et al., 2010), Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo (synonym: Rosa26mTmG) 

(Muzumdar et al., 2007). Embryos for expression analysis of genes encoding Notch 

components were obtained from matings of NMRI wild-type mice. Tbx18cre/+;Rbpjfl/+ 

males were mated with Rbpjjfl/fl females, Tbx18cre/+ males with Rosa26NICD/NICD females, 

to obtain embryos for phenotypic characterization. Littermates without the Tbx18cre al-

lele were used as controls. Pregnancies were timed as embryonic day (E) 0.5 by vag-

inal plugs in the morning after mating. Embryos and urogenital systems were dissected 

in PBS. Specimens were fixed in 4% PFA/PBS, transferred to methanol and stored at 

-20°C prior to further processing. PCR genotyping was performed on genomic DNA 

prepared from liver biopsies or yolk sacs.  

All animal work conducted for this study was approved by the local authorities (Nieder-

sächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit; permit 

number AZ33.12-42502-04-13/1356) and was performed at the central animal labora-

tory of the Medizinische Hochschule Hannover. 

 

Organ cultures 

Ureters were explanted on 0.4 µm polyester membrane Transwell supports (#3450, 

Corning Inc., Lowell, MA, USA) and cultured in DMEM/F12 supplemented with 1% of 

concentrated stocks of penicillin/streptomycin, sodium pyruvate, glutamax, non-essen-

tial amino acids and IST-G (insulin-transferrin-selenium) (Thermo Fisher Scientific, 

Waltham, MA, USA) at the air-liquid interface as previously described (Bohnenpoll et 

al., 2013). DAPT (GSI-IX) (#S2215, Selleckchem, Houston, TX, USA) was used at final 

concentrations of 1 or 2.5 µM. Culture medium was replaced every 48 hours. Analysis 

of frequencies and intensities of ureter contractions in explant cultures was performed 

by videomicroscopy as recently described (Weiss et al., 2019).  
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Histological and immunofluorescence analysis 

Embryos, urogenital systems or explant cultures were paraffin-embedded and sections 

were cut at 5-μm thickness. Hematoxylin and eosin staining was performed according 

to standard procedures. For immunofluorescent stainings labeling with primary anti-

bodies was performed at 4°C overnight after antigen retrieval (15 min at 100°C, #H-

3300, Vector Laboratories, Burlingame, CA, USA), blocking of endogenous peroxi-

dases with 3% H2O2/PBS for 15 min (for TSA amplification only) and incubation in 

blocking buffer provided from the TSA kit (TNB) for 45 min. The following primary an-

tibodies were used: polyclonal rabbit-anti-KRT5 (1:250; #PRB-160P, Covance, Prince-

ton, NJ, USA), polyclonal rabbit-anti-ΔNP63 (1:250; #619001, BioLegend, San Diego, 

CA, USA), monoclonal mouse-anti-UPK1B (1:250; #WH0007348M2, Sigma-Aldrich, 

St. Louis, MO, USA), polyclonal rabbit-anti-TAGLN (1:200; #ab14106, Abcam, Cam-

bridge, UK), monoclonal mouse-anti-ACTA2 (1:200; #A5228, Sigma-Aldrich), mono-

clonal rat-anti-EMCN (1∶5, a kind gift of D. Vestweber, MPI Münster; Germany), poly-

clonal rabbit-anti-CD31 (1:400, #50408-T16, Sino Biological, Beijing, China), monoclo-

nal mouse-anti-GFP (1:200, #11814460001 Roche, Sigma-Aldrich)  and polyclonal 

rabbit-anti-GFP (1:250, #ab290, Abcam). 

Primary antibodies were detected using the following secondary antibodies: biotinyl-

ated goat-anti-mouse IgG (1:400; #115-065-003, Dianova, Hamburg, Germany), bioti-

nylated goat-anti-rabbit IgG (1:400; #111-065-033, Dianova), biotinylated goat anti-rat 

IgG (1:400; #112-065-003, Dianova), biotinylated donkey anti-goat IgG (1:400; #705-

065-003, Dianova), Alexa 488-conjugated goat anti-rabbit IgG (1:500; #A11034, 

Thermo Fisher Scientific), Alexa 488-conjugated donkey anti-mouse IgG (1:500; 

A21202, Thermo Fisher Scientific), Alexa 555-conjugated goat anti-mouse IgG (1:500; 

A21422, Thermo Fisher Scientific) and Alexa 555-conjugated goat anti-mouse IgG 

(1:500; A21428, Thermo Fisher Scientific). The signals of ΔNP63 and EMCN were 

amplified using the Tyramide Signal Amplification system (#NEL702001KT, Perkin 

Elmer, Waltham, MA, USA).  

 

In situ hybridization analysis 

In situ hybridization was done on 10 µm paraffin sections essentially as described 

(Moorman et al., 2001).  
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Microarray 

Ureters were dissected from male and female control and Tbx18cre/+;Rbpjfl/fl embryos. 

40 specimens for each sex and genotype were pooled for analysis at E14.5, and 12 

specimens each for analysis at E18.5. Total RNA was extracted using peqGOLD RNA-

pure (#732-3312, #30-1010; PeqLab Biotechnologie GmbH, Erlangen, Germany) and 

subsequently sent to the Research Core Unit Transcriptomics of Hannover Medical 

School, where RNA was Cy3-labelled and hybridised to Agilent Whole Mouse Genome 

Oligo v2 (4x44K) microarrays (#G4846A; Agilent Technologies Inc, Santa Clara, CA, 

USA). To identify differentially expressed genes, normalised expression data were fil-

tered using Excel (Microsoft Corp., Redmond, WA, USA) based on an intensity thresh-

old of 100 and a more than 1.4-fold change in all pools. Microarray data have been 

submitted to Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) 

(GSE169661, GSE169662). 

 

Reverse transcription-polymerase chain reaction (RT-PCR) 

RNA extraction and RT-PCR analysis for Myocd and Foxf1 expression was performed 

on pools of 10 ureters each of E14.5 control and Tbx18cre/+;Rbpjfl/fl embryos as previ-

ously described (Weiss et al., 2019). For all other analyses, we isolated total RNA 

using TRIzol (#15596-018, Thermo Fisher Scientific) and synthesized cDNA from 2.5 

µg total RNA applying RevertAid H Minus reverse transcriptase (#EP0452, Thermo 

Fisher Scientific) as described (Thiesler et al., 2021). The NCBI tool Primer3 version4.1 

(Untergasser et al., 2012; Ye et al., 2012) was used to design specific primers (Table 

S1). RT-quantitative (q)PCR of mouse genes was performed in 10 µl 1:2 diluted BIO 

SyGreen Lo-ROX mix (PCR Biosystems, London, UK) with 400 nM primers and 1 ng/µl 

cDNA applying a QuantStudio3 PCR system fluorometric thermal cycler (Thermo 

Fisher Scientific). Each of the three biological replicates represents the average of four 

technical replicates. Data were processed by QuantStudio data analysis software (ver-

sion1.5.1, Thermo Fisher Scientific) using the comparative threshold cycle (ΔΔCT) 

method with Gapdh and Ppia as reference genes (Werneburg et al., 2015).  

 

Statistics 

Statistical analysis was performed using the unpaired, two-tailed Student’s t-test 

(GraphPad Prism version 7.03, GraphPad Software, San Diego, CA, USA). Values are 

indicated as mean ± s.d. P<0.05 was considered significant.  
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Image documentation 

Sections and organ cultures were photographed using a DM5000 microscope (Leica 

Camera, Wetzlar, Germany) with Leica DFC300FX digital camera or a Leica DM6000 

microscope with Leica DFC350FX digital camera. Urogenital systems were docu-

mented using a Leica M420 microscope with a Fujix HC-300Z digital camera (Fujifilm 

Holdings, Minato/Tokyo, Japan). All images were processed in Adobe Photoshop CS4.
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Results 

 

Notch signaling components are expressed in ureter development 

To determine the abundance of Notch signalling components in ureter development, 

we analyzed expression of genes encoding Notch ligands and receptors by RNA in 

situ hybridization on transverse sections of the proximal ureter region of E12.5 to E18.5 

wild-type embryos (Fig. 1). Jag1 was expressed in the UE and the UM at E12.5; from 

E14.5 onwards, expression occurred at low levels in both compartments. Jag2 was 

robustly expressed in the UE at E14.5. At E16.5 and E18.5, expression in this tissue 

was predominantly found in the basal cell layer. Expression was also found in endo-

thelial cells of vessels in the outer UM from E12.5 to E18.5. Dll1 and Dll3 expression 

was not detected in ureter development. Dll4 expression was found in endothelial cells 

in the UM at all stages (Fig. 1A). Notch1 was weakly expressed in the UE from E12.5 

to E16.5, and in some basal cells at E18.5. Expression also occurred in endothelial 

linings in the outer UM from E12.5 to E18.5. Notch2 was strongly expressed in the UM 

at E12.5 and E14.5, and more weakly at E16.5 and E18.5. Notch3 expression was 

found in the UM at E12.5, and in perivascular cells in the outer UM at E12.5 to E18.5. 

Weak expression of both Notch 2 and Notch3 was found in the UE at all stages. Notch4 

expression was associated with endothelia in the outer UM throughout ureter develop-

ment (Fig. 1B). The distribution of Notch components is compatible with the occurrence 

of Notch pathway activity both in the epithelial and mesenchymal compartment of the 

ureter as well as in the associated vessels.  

 

Conditional inactivation of Rbpj in the UM leads to changes in SMC differentia-

tion at E18.5 

To investigate the role of canonical Notch signaling in the UM, we employed a tissue-

specific gene inactivation approach using a Tbx18cre line generated in our laboratory 

(Airik et al., 2010), and a floxed allele of Rbpj (synonym: Rbpjfl) (Tanigaki et al., 2002), 

the unique intracellular mediator of this signaling pathway (Jarriault et al., 1995). 

Tbx18cre mediates recombination in precursors of all differentiated cell types of the UM: 

fibroblasts of the inner lamina propria and the outer tunica adventitia, SMCs of the 

medial tunica muscularis (Bohnenpoll et al., 2013) and vascular SMCs but not endo-

thelial cells (Fig. S1). Absence of Rbpj expression in the UM of Tbx18cre/+;Rbpjfl/fl (Rbpj-

cKO) embryos confirmed the suitability of our approach (Fig. S2). 



 

118 

Part – 3 Notch signaling in SMC differentiation 

We started our phenotypic analysis at the end of embryogenesis, at E18.5, when all 

differentiated cell types of the ureter are established. At this stage, the urogenital sys-

tem of Rbpj-cKO embryos was morphologically unaffected with the exception of the 

ureter that appeared more translucent than in the control (Fig. 2A). The kidney was 

histologically normal but the tunica muscularis of the ureter appeared less condensed 

(Fig. 2B). Expression of the SMC proteins ACTA2 and TAGLN was unchanged in the 

tunica muscularis of the mutant ureter but was reduced in large adventitial vessels (Fig. 

2C). Expression of the SMC structural genes Cnn1 and Myh11 appeared unaffected, 

whereas Tagln was weakly and Tnnt2 was strongly reduced in the ureteric muscle 

layer. The lamina propria marker Aldh1a2 and the adventitial marker Dpt were un-

changed (Fig. 2D). The distribution of endomucin (EMCN) (Morgan et al., 1999) and 

of KRT5, ΔNP63, UPK1B (Bohnenpoll et al., 2017a) reflected normal vascular endow-

ment and urothelial differentiation, respectively (Fig. 2E).  

To profile transcriptional changes in E18.5 Rbpj-cKO ureters in a global and unbiased 

fashion, we used microarray analysis. Using a threshold of at least 1.5-fold change and 

an expression intensity robustly above background (>100), we detected 93 genes with 

reduced expression and 45 with increased expression in Rbpj-cKO ureters (Table 

S2A,B; GEO submission GSE169662). Functional annotation using the DAVID soft-

ware tool (Huang da et al., 2009) revealed a highly significant enrichment of gene on-

tology (GO) terms and clusters related to “muscle contraction” for the pool of downreg-

ulated genes whereas variable terms and clusters with low significance were found for 

the pool of upregulated genes (Fig. 2F, Table S3,4). Manual inspection of the list of 

down-regulated genes detected Rbpj (-2.4) and the Notch effector gene Heyl (-2.9) 

confirming the loss of Notch signaling activity. Tnnt2 expression was strongly reduced 

(-2.1), Tagln (-1.2), Cnn1 (-1.3) and Myh11 (-1.3) weakly, Acta2 was unchanged largely 

confirming our in situ hybridization analysis (Fig. 2G).  

We validated expression of a subset of the down-regulated genes by in situ hybridiza-

tion analysis. We found strongly reduced expression of Pcp4, Ckm, Myl4, Pcp4l1, 

Mfap4, Rhoa and Synpo2 in the muscle layer of the mutant ureter. Tpm2 appeared 

weakly affected; other candidates were not detected by this method (Fig. 2H, Fig. S3). 

RT-qPCR confirmed slightly (Tagln, Tpm2) and strongly (Ckm, Pcp4, Pcp4l1, Tnnt2) 

reduced expression of SMC genes at this stage (Fig. 2I, Table S5A). We conclude that 

Rbpj-cKO ureters exhibit defects in visceral SMC differentiation shortly before birth. 
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Loss of Rbpj in the UM compromises ureter peristalsis and leads to hydroureter 

in adolescent mice 

To investigate whether the observed changes in visceral SMC differentiation translate 

into functional deficits in ureter peristalsis after birth, we isolated ureters at E18.5 and 

cultured them for 6 days in a transwell setting (Fig. 3A-C). Mutant ureters exhibited a 

significantly reduced contraction frequency at day 1 and 2 of culture but reached the 

level of the control from day 3 onwards (Fig. 3B, Table S6A). At day 1, the contraction 

occurred less rapidly and reached lower intensities; the relaxation wave was, however, 

unaffected. At day 3, the mutant ureters reached the contraction intensity of the control 

albeit with a slight but significant delay. At day 6, the mutant ureters reached higher 

contraction intensities and maintained them for longer. This was most prominent at the 

medial position (Fig. 3C, Table S6B).  

After 6 days in culture, SMC differentiation was still partly compromised: Cnn1 and 

Myh11 appeared unaffected, Tagln and Tpm2 were weakly reduced; Ckm, Pcp4, 

Pcp4l1 and Tnnt2 were strongly reduced (Fig. 3D,E; Table S5B). 

We investigated the long-term in vivo consequences of loss of Rbpj-dependent Notch 

signaling in the UM, by analyzing a small number of mutant mice that survived until 

postnatal day (P)14. At this stage, the mutant ureter was invariably dilated at the prox-

imal level. Some SMC genes seemed unchanged (Cnn1, Myh11, Tpm2), others were 

strongly reduced (Ckm, Pcp4, Pcp4l1, Tagln, Tnnt2) in their expression (Fig. 3F). 

These findings show that loss of Rbpj in the UM leads to cytodifferentiation defects in 

visceral SMCs that translate into peristaltic changes and hydroureter formation after 

birth.  

 

SMC differentiation is delayed in Rbpj-cKO ureters 

To define the onset of SMC defects in Rbpj-cKO ureters, we performed histological 

and molecular analyses at stages (E14.5 to E16.5) when the SMC phenotype is pro-

gressively established. Histological analysis showed that the UM of the mutant was 

subdivided into an inner layer with rhomboid-shaped condensed cells and an outer 

layer with loosely organized fibroblast-like cells at all analyzed stages as in the control 

but the inner layer appeared less condensed at E15.5 and E16.5 (Fig. 4A). In the con-

trol, Cnn1, Myh11, Tagln, Tpm2 expression commenced at E15.5, Tnnt2 at E16.5 in 

the inner layer of the UM. In Rbpj-cKO ureters, expression of Cnn1, Myh11 and Tpm2 

occurred normally from E15.5 onwards. Tagln was reduced at E15.5 and at E16.5; 
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Tnnt2 expression was not observed in the mutants. Ckm, Myl4, Pcp4 and Pcp4l1 

mRNA was neither detected in the control nor in the mutant ureter in the analyzed time 

window (Fig. 4B).  

SMC differentiation defects were associated with functional insufficiency of fetal 

(E14.5) Rbpj-cKO ureters in explant cultures (Fig. 4C-E). Mutant ureters exhibited a 

1.5-day delay in onset of peristaltic activity (Fig. 4D, Table S7A). The contraction fre-

quency was significantly decreased until day 6 and reached control levels only at day 

7 and 8 of the culture (Fig. 4E, Table S7B). The contraction intensity was strongly 

reduced at all analyzed levels throughout the entire contraction wave at day 4 of the 

culture. At the endpoint, at day 8, the initial contraction velocity in the proximal and the 

medial part was normal but the contraction intensities remained lower throughout the 

contraction wave (Fig. 4F, Table S7C). Hence, loss of Rbpj in the UM affects the struc-

ture and function of visceral SMCs in the fetal ureter. 

 

Loss of Rbpj affects onset of Myocd expression in the UM 

To identify molecular changes that may cause delayed and reduced SMC differentia-

tion in Rbpj-cKO ureters in an unbiased fashion, we performed microarray-based gene 

expression profiling of E14.5 ureters. Using an intensity threshold of 100 and fold 

changes of at least 1.5 in the two individual arrays, we detected 30 genes with in-

creased and 16 with decreased expression in mutant ureters (Fig. 5A; Table S8A,B; 

GEO submission GSE169661).  

Functional annotation using the DAVID software tool (Huang da et al., 2009) revealed 

an enrichment of GO terms related to the differentiation of secretory cells, dopaminer-

gic neurons and/or chromaffine cells in the pool of upregulated genes but in situ hy-

bridization did not detect expression of any of the selected candidates in control and 

mutant ureters (Table S9A, Fig. S4). In the pool of downregulated genes GO terms 

related to protein binding and negative regulation of WNT signaling (Mdf1, Shisa2, 

Wif1) were found (Table S9B). Manual inspection of the list identified Rbpj (-1.9) con-

firming the functionality of our genetic approach, and Myocd (-2.0), the key regulator 

of SMC differentiation (Fig. 5A). In situ hybridization of candidate downregulated genes 

detected reduced expression of Mdfi1, Car3, Shisa2 and Myocd in the inner UM of 

mutant embryos (Fig. 5B). Other candidates showed unspecific or no expression in 

control and mutant ureters (Fig. S5).  
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In agreement with our microarray data, we did not detect expression changes of genes 

encoding cellular signals, signaling targets and transcription factors that have previ-

ously been implicated in Myocd activation and SMC differentiation in the ureter by in 

situ hybridization analysis (Figure S6A,B). These findings validate that reduced ex-

pression of the WNT antagonist Shisa2 does not translate into changes of WNT sig-

naling, and that known regulators of Myocd expression are unchanged in E14.5 Rbpj-

cKO ureters.  

To characterize whether Myocd expression is delayed in Rbpj-cKO ureters, we ana-

lyzed its expression at subsequent stages. In situ hybridization detected normal ex-

pression at E15.5, E16.5 and at E18.5. Expression in E18.5 explants cultured for 6 

days was weak but appeared reduced (Fig. 5C). RT-qPCR analysis confirmed strongly 

reduced expression of Myocd at E14.5 whereas expression of Foxf1, activator of My-

ocd expression, was unchanged (Fig. 5D, Table S5C). Expression of Myocd was un-

changed at E18.5, but showed a trend for reduction in 6-day explants of E18.5 ureters 

supporting the in situ hybridization results (Fig. 5E, Table S5D). We conclude that Rbpj-

dependent Notch signaling is required for precise activation of Myocd at E14.5 but not 

for its further maintenance at fetal stages. 

 

Notch signaling is required for onset and maintenance of SMC differentiation in 

the ureter 

To exclude the possibility that RBPJ acts independently of Notch receptors in the con-

text of the UM, and to distinguish early from late requirements of this pathway, we 

performed time-controlled pharmacological Notch pathway interference experiments 

with the gamma-secretase inhibitor DAPT (Cheng et al., 2003) in ureter explant cul-

tures. Administration of 1 µM and 2.5 µM DAPT (Cheng et al., 2003) to E12.5 ureter 

explants led to a dose-dependent delay in the onset of the peristaltic activity and a 

reduction of contraction frequency similar to the situation observed in explants of E14.5 

Rbpj-cKO ureters (Fig. 6A, Table S10).  

We next explanted wild-type ureters at E18.5 and treated them with 1 µM of DAPT. 

These ureters showed a normal peristaltic onset but a reduced contraction frequency 

until day 3 of culture, again similar to Rbpj-cKO ureters (Fig. 6B; Table S11). After 18 

h in culture, expression of Ckm and Tnnt2 was significantly reduced, expression of 

Myocd, Pcp4, Pcp4l1, Tagln and Tpm2 appeared unaffected (Fig. 6C, Table S5E). 

After 6 days in culture, expression of Ckm, Myocd, Pcp4, Pcp4l1, Tagln and Tnnt2 was 
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strongly reduced; expression of Cnn1, Myh11 and Tpm2 was unaffected (Fig. 6D,E; 

Table S5F). Hence, Notch signaling is required both for onset and/or maintenance of 

expression of Myocd and late SMC genes. 

 

Notch signaling is not sufficient to induce SMC development 

We finally asked whether Notch signaling is sufficient to induce SMC relevant genes 

in ureter development. For this, we combined our Tbx18cre driver line with a Rosa26 

knock-in allele (Rosa26NICD) (Murtaugh et al., 2003) allowing conditional expression of 

the Notch1 intracellular domain (NICD) in the undifferentiated UM. Since 

Tbx18cre/+;Rosa26NICD/+ embryos died around E13.5 (Grieskamp et al., 2011), we used 

E12.5 ureters for section in situ hybridization analysis. We did not find ectopic and/or 

precocious expression of the SMC regulators Foxf1 and Myocd, of SMC structural 

genes, and of Car3 and Shisa2 indicating that Notch signaling is required but not suf-

ficient to activate SMC regulatory and structural genes in the developing ureter (Fig. 

S7). 
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Discussion 

 

Notch signaling is a novel regulator of SMC differentiation in the ureter 

Previous genetic work provided compelling evidence that Notch signaling is a critical 

regulator of vascular SMC differentiation (for reviews see (Fouillade et al., 2012; 

Baeten and Lilly, 2017). This applies both to neural crest cells from which SMCs of the 

great vessels including the aorta derive (High et al., 2007; Feng et al., 2010; 

Manderfield et al., 2012) as well as to mesothelial cells and other progenitors of arterial 

SMCs in different organ systems (Etchevers et al., 2001; Grieskamp et al., 2011; Volz 

et al., 2015). In either case loss of Notch signaling (components) was associated with 

severely reduced expression of SMC structural genes including early differentiation 

markers ACTA2 and TAGLN and subsequent vessel dilatation.  

To unravel the function of Notch signaling in the development of the UM, we used a 

combination of genetic and pharmacological pathway inhibition experiments. Loss of 

the Notch signaling mediator Rbpj did neither affect ureter shape and length nor the 

subdivision of its mesenchymal wall at fetal and postnatal stages, excluding a role of 

the pathway in survival, proliferation and patterning of the UM. We found largely un-

changed levels of early SMC proteins/genes (ACTA2, TAGLN, Myh11, Cnn1) indicat-

ing that visceral SMC specification and early differentiation has occurred. However, we 

observed a delayed onset of Myocd expression and reduced expression of late SMC 

genes at fetal and postnatal stages combined with delayed onset of peristaltic activity, 

reduced contraction frequency and intensity in fetal life compatible with a role of Notch 

signaling in modifying, enhancing and/or fine-tuning visceral SMC differentiation. We 

detected hydroureter formation in mutant mice at P14, indicating that the mutant SMC 

layer has reduced capacity to withstand the hydrostatic pressure of the urine with time. 

The phenotypic burden of Rbpj-cKO mice prevented analysis at later stages in adults. 

However, it is likely that under the permanent pressure exerted by the urine even weak 

reduction of SMC structural proteins will cause further deficits of SMC contractility and 

rigidity that will translate in progressive ureter dilatation, hydronephrosis and end-stage 

renal disease. Mutations that affect expression of Notch components may therefore 

underlie human congenital anomalies of the kidney and ureteric tract (CAKUT), a group 

of diseases for which the genetic cause has only partly been resolved (Kohl et al., 

2021).  
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Our time-controlled pharmacological pathway inhibition experiments validated a 

Notch-dependent function of RBPJ in the UM, and proved that Notch signaling is re-

quired both for precise temporal activation of the SMC differentiation program and for 

its full execution and maintenance in homeostasis.  

We identified expression of Jag2 in the UE from E14.5 onwards, juxtaposed to expres-

sion of Notch2 in the UM. Although this finding points to a continuous epithelial-mes-

enchymal cross-talk similar to the ones detected for SHH and WNT signaling (Yu et 

al., 2002; Trowe et al., 2012; Bohnenpoll et al., 2017c), we cannot exclude that low 

level expression of Jag1 and Notch3 in the undifferentiated UM indicates the presence 

of an alternative ligand-receptor pair involved in the initial activation of Notch signaling. 

The individual involvement of Notch signaling components can only be dissected by 

conditional gene targeting strategies. 

Although not analyzed in any detail, we would like to mention that we noted reduced 

ACTA2 and TAGLN expression in cells surrounding endothelial linings in the advential 

layer of Rbpj-cKO ureters indicating that Notch signaling is essential for vascular SMC 

differentiation in the ureter as in many if not all other organs.  

 

Notch signaling impacts expression of Myocd and late SMC genes 

We found that the regulator of the SMC differentiation Myocd, is activated with a delay 

of one day in Rbpj-cKO ureters. Importantly, we did not detect changes in the activity 

of signaling pathways (SHH, BMP4, WNT, RA) and transcription factors (Foxf1, Tshz3, 

Sox9) that have been implicated in the regulation of Myocd at E14.5 ( Caubit et al., 

2008; Airik et al., 2010; Trowe et al., 2012; Bohnenpoll et al., 2017b; Bohnenpoll et al., 

2017c; Mamo et al., 2017). Hence, Myocd may be a direct target of RBPJ or of 

HES/HEY bHLH proteins that mediate the activity of this pathway in many contexts 

(Fischer et al., 2004; Bray and Bernard, 2010). Irrespective of the precise mode of 

action, we posit that Notch signaling provides an important independent positive input 

for precise temporal activation of Myocd transcription in the ureter. 

Our expression analyses uncovered that SMC structural genes are differentially af-

fected in Rbpj-cKO ureters. Some genes (Acta2, Cnn1, Myh11, Tpm2, Tagln) were not 

or marginally changed in their expression whereas others (Ckm, Pcp4, Pcp4l1, Tnnt2) 

were strongly reduced. Pharmacological Notch signaling inhibition of E18.5 ureters re-

sulted in similar changes. Interestingly, we found that in wildtype ureters “Notch-inde-

pendent” genes are activated early after Myocd expression at E14.5 to E15.5 whereas 
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“Notch-dependent” genes are activated later at E16.5 to E18.5. Given unchanged My-

ocd expression in mutant ureters at E16.5 to E18.5, we suggest that Notch signaling 

provides a critical direct input on the expression of these “late” SMC genes. Im-

portantly, misexpression of NICD did not activate any of the SMC genes tested, rein-

forcing that Notch is a modulator and not a driver of the visceral SMC program. 

„Late“ SMC genes affected in Rbpj-cKO ureters have been implicated in constriction 

(Tnnt2), relaxation (Pcp4) and energy conservation (Ckm) of cardiomyocytes, and in 

cardiomyopathies when deficient (Rentschler et al., 2012; Kim et al., 2014; Wei and 

Jin, 2016; Walker et al., 2021). Therefore, reduced expression of these genes/proteins 

may affect constriction and/or relaxation of ureteric SMCs, and contribute to hy-

droureter formation in Rbpj-cKO mice. 

In the vascular system, Notch signaling regulates and synergizes with PDGFRB and 

TGFb signaling in activation of early SMC genes (for reviews see Fouillade et al., 2012; 

Baeten and Lilly, 2017). Notch function is mediated through Hey genes and direct tar-

get of its activity comprise Acta2, Pdgfrb, Notch3 and Jag1 (Noseda et al., 2006; Jin et 

al., 2008; Liu et al., 2009; Bray and Bernard, 2010; Manderfield et al., 2012). We did 

not find changes of any of these genes in our transcriptional profiling experiments sug-

gesting that the molecular circuits regulated by Notch signaling in the control of SMC 

differentiation are different in the vascular and visceral context.  

We conclude that Notch signaling regulates visceral SMC differentiation in the ureter 

in a bimodal and biphasic manner. First, it enhances Myocd expression to a critical 

level at E14.5; second, it enhances from E16.5 onwards expression of a set of “late” 

SMC genes critical for long-term maintenance of ureter peristaltic activity.  
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Figures and figure legends 
 

 

Fig. 1. Notch signaling components are expressed during murine ureter development. 
(A,B) In situ hybridization analysis on transverse sections of the proximal ureter for expression 
of genes encoding Notch ligands (A) and Notch receptors (B). n>=3 for all probes. ue, ureteric 
epithelium; um, ureteric mesenchyme.  
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Fig. 2. Rbpj-cKO ureters exhibit SMC defects at E18.5. (A) Morphology of whole urogenital 
systems of male (column 1 and 2) and female (column 3 and 4) embryos; n>10 for each sex 
and genotype. (B) Hematoxylin and eosin staining of sagittal sections of kidneys (column 1 
and 2) and of transverse sections of the proximal ureter (column 3 and 4). (C) Immunofluores-
cence analysis of the SMC marker proteins ACTA2 and TAGLN on transverse sections of the 
proximal ureter. Nuclei (blue) are counterstained with DAPI. White arrows point to vascular 
SMCs. (D) RNA in situ hybridization analysis on transverse sections of the proximal ureter for 
the SMC marker genes Cnn1, Myh11, Tagln, Tnnt2, the lamina propria marker Aldh1a2, and 
the adventitial marker Dpt. (E) Immunofluorescence analysis on proximal ureter sections for 
endothelial (EMCN) and urothelial (KRT5, ΔNP63, UPK1B) differentiation; nuclei (blue) are 
counterstained with DAPI. KRT5, ΔNP63 and UPK1B combinatorially mark basal cells 
(KRT5+ΔNP63+UPK1B−), intermediate cells (KRT5−ΔNP63+UPK1B+) and superficial cells 
(KRT5−ΔNP63−UPK1B+). (F) List of top 10 gene ontology annotations over-represented in the 
set of genes with reduced expression using DAVID web software. (G) List of genes with re-
duced expression (at least <-1.9) and selected candidates in the microarray analysis of E18.5 
Rbpj-cKO ureters. In bold are genes with validated expression in the tunica muscularis of con-
trol embryos. (H) RNA in situ hybridization analysis on transverse sections of the proximal 
ureter at E18.5 for microarray candidate genes. The numbers indicate the fold down-regula-
tion. n>=3 for all assays and probes (B-E,H). (I) qRT-PCR results for expression of selected 
SMC structural genes in three independent RNAs pools of control and Rbpj-cKO ureters. Dif-
ferences were considered significant (*p) with a p-value ≤0.05, highly significant (**) p≤0.01; 
two-tailed Student’s t-test. For values and statistics see Table S5A. a, adrenal; bl, bladder; e, 
epididymides; k, kidney; pa, papilla; pe, pelvis; te, testis; u, ureter; ue, ureteric epithelium; um, 
ureteric mesenchyme; ut, uterus; vd, vas deferens. 
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Fig. 3. SMC differentiation and peristalsis are affected in Rbpj-cKO ureters at postnatal 
stages. (A-C) Analysis of peristaltic contractions of E18.5 ureter explants in culture; control: 
n=26, Rbpj-cKO: n=16. (A) Morphological analysis by brightfield microscopy. Vertical lines in-
dicate the positions along the ureter at which contraction intensities were measured during one 
contraction wave. Positions relate to 25% (proximal), 50% (medial) and 75% (distal) of ureter 
length. (B) Analysis of contraction onset and frequency in a 6-day culture period. For values 
and statistics see Table S6A. (C) Analysis of the contraction intensity at proximal, medial, and 
distal levels of ureters explanted at E18.5 and cultured for 1, 3 and 6 days. For statistical values 
see Table S6B. Differences were considered significant (*) with p-value ≤0.05, highly signifi-
cant (**) p≤0.01, extremely significant (***), p≤0.001; two-tailed Student’s t-test (B,C). (D) RNA 
in situ hybridization analysis of expression of SMC structural genes on transverse sections of 
the proximal ureter of E18.5 explants cultured for 6 days. n>=3 for all probes. (E) qRT-PCR 
results of expression of selected SMC structural genes in three independent RNAs pools of 
control and Rbpj-cKO ureters cultured for 6 days. For statistical values see Table S5B. Differ-
ences were considered non-significant (ns) with p>0.05; significant (*) p≤0.05, highly signifi-
cant (**) p≤0.01; two-tailed Student’s t-test. (F) RNA in situ hybridization analysis of expression 
of SMC structural genes on transverse sections of the proximal ureter of P14 mice. n>=3 for 
all probes ue, ureteric epithelium; um, ureteric mesenchyme. 
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Fig. 4. SMC differentiation and peristalsis occur in a delayed fashion in fetal Rbpj-cKO 
ureters. (A,B) Hematoxylin and eosin stainings (A) and RNA in situ hybridization analysis of 
expression of SMC marker genes (B) on transverse sections of the proximal ureter region at 
E14.5, E15.5 and E16.5. n>=3 for all probes. (C-F) Analysis of peristaltic contractions of E14.5 
ureter explants in culture; control: n=23, Rbpj-cKO: n=16. (C) Morphological analysis by bright-
field microscopy. Vertical lines indicate the positions along the ureter at which contraction in-
tensities were measured during one contraction wave at day 4 and day 8 of culture. Positions 
relate to 25% (proximal), 50% (medial) and 75% (distal) of ureter length. (D) Analysis of con-
traction onset in a 8-day culture period. For statistical values see Table S7A. (E) Analysis of 
the contraction frequency in E14.5 ureter explants cultured for 8 days. For statistical values 
see Table S7B. (F) Analysis of the contraction intensity at proximal, medial and distal levels of 
E14.5 ureter explants at day 4 and day 8 of culture. For statistical values see Table S7C. 
Differences were considered significant (*) with a P-value below 0.05, highly significant (**) p 
≤0.01, extremely significant (***) p ≤0.001; two-tailed Student’s t-test (E,F). ue, ureteric epithe-
lium; um, ureteric mesenchyme.  
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Fig. 5. Onset of Myocd expression is affected in Rbpj-cKO ureters. (A) List of genes with 
increased (average fold change (avgFC)>=1.5) and reduced expression (avgFC<=-1.5) in the 
microarray analysis of E14.5 Rbpj-cKO ureters. (B,C) RNA in situ hybridization analysis on 
transverse sections of the proximal ureter for microarray candidate genes at E14.5 (B) and for 
Myocd expression at E15.5, E16.5, E18.5 and in 6-day cultures of E18.5 ureter explants (C). 
n>=3 for all probes. (D,E) qRT-PCR results for expression of Foxf1 and Myocd in RNAs pools 
of control and Rbpj-cKO ureters at E14.5 (D), and of Myocd expression in E18.5 ureters and 
in 6-day cultures of E18.5 ureter explants (E). Differences were considered non-significant (ns) 
with a P-value above 0.05; significant (*) p ≤0.05, highly significant (**) p ≤0.01, extremely 
significant (***p ≤0.001); two-tailed Student’s t-test. For values and statistics see Table S5C,D. 
ue, ureteric epithelium; um, ureteric mesenchyme.  
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Fig. 6. Pharmacological inhibition of Notch signaling affects onset and maintenance of 
SMC differentiation. (A,B) Analysis of onset (first row) and frequency (second row) of peri-
staltic contractions in cultures of E12.5 ureter explants treated with DMSO (control) or with 1 
µM (control: n=19, DAPT-treated: n=19) or 2.5 µM (control: n=20, DAPT-treated: n=19) of the 
Notch signaling inhibitor DAPT (A), and in cultures of E18.5 ureter explants treated with DMSO 
(control) or with 1 µM DAPT (control: n=8, DAPT-treated: n=8) (B). For values and statistics 
see Table S10,11. Differences were considered significant (*) with a p-value ≤0.05, highly sig-
nificant (**) p≤0.01, extremely significant (***) p≤0.001; two-tailed Student’s t-test. (C,D) qRT-
PCR results of expression of selected SMC genes in three independent RNAs pools of control 
and Rbpj-cKO ureters explanted at E18.5 and cultured for 18 h (C) and 6 days (D), respec-
tively, in FCS-free (ITS) medium supplemented with DMSO (control) or with 1 µM DAPT. Dif-
ferences were considered non-significant (ns) with a P-value >0.05; significant (*) p≤0.05, 
highly significant (**) p≤0.01); two-tailed Student’s t-test. For values and statistics see Table 
S5E,F. (E) RNA in situ hybridization analysis of SMC genes on transverse sections of the 
proximal ureter after 6-days in culture. n>=3 for all probes. ue, ureteric epithelium; um, ureteric 
mesenchyme.  
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Supplementary Figures 

 
 

Fig. S1. Lineage analysis of Tbx18+ descendants in the ureter. Co-immunofluorescence 
analysis on transverse sections of the proximal ureter of E18.5 Tbx18cre/+;R26mTmG/+ embryos 
for expression of the lineage marker GFP and of differentiation markers for SMCs (ACTA2, 
TAGLN) and endothelial cells (EMCN, CD31). Shown are the green channel for GFP expres-
sion (first row), the red channel for the differentiation marker (second row), and a merge of the 
two channels (third and fourth row). The fourth row shows higher magnification images of the 
regions marked by a white square in the third row, which contain vessels with SMC investment. 
n=5 for all markers. Note that visceral and vascular SMCs arise from Tbx18+ mesenchymal 
progenitors whereas endothelial cells are of a different origin. ue, ureteric epithelium; um, ure-
teric mesenchyme.  
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Fig. S2. Loss of Rbpj expression in the UM of Rbpj-cKO embryos. RNA in situ hybridization 
analysis of Rbpj expression in control and Rbpj-cKO ureters at E12.5; n=3 for both genotypes. 
ue, ureteric epithelium; um, ureteric mesenchyme. 
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Fig. S3. RNA in situ hybridization analysis of candidate genes with decreased expres-
sion in microarrays of E18.5 Rbpj-cKO ureters. RNA in situ hybridization of selected candi-
date genes with decreased expression in microarrays of E18.5 Rbpj-cKO ureters were per-
formed on transverse sections of the proximal ureter region. Probes, genotypes and fold 
changes in the microarray are as indicated. n>=3 for all probes. ue, ureteric epithelium; um, 
ureteric mesenchyme. 
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Fig. S4. RNA in situ hybridization analysis of candidate genes with increased expres-
sion in microarrays of E14.5 Rbpj-cKO ureters. RNA in situ hybridization of selected candi-
date genes with increased expression in microarrays of E14.5 Rbpj-cKO ureters were per-
formed on transverse sections of the proximal ureter region. Numbers refer to fold increase in 
the microarray. n>=3 for all probes. ue, ureteric epithelium; um, ureteric mesenchyme.  
  



 

141 

Part – 3 Notch signaling in SMC differentiation 

 
 

Fig. S5. RNA in situ hybridization analysis of candidate genes with decreased expres-
sion in microarrays of E14.5 Rbpj-cKO ureters. RNA in situ hybridization of selected candi-
date genes with decreased expression in microarrays of E14.5 Rbpj-cKO ureters were per-
formed on transverse sections of the proximal ureter region. Numbers refer to fold increase in 
the microarray. n>=3 for all probes. ue, ureteric epithelium; um, ureteric mesenchyme.  
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Fig. S6. Signaling pathways and transcription factor genes relevant for SMC differenti-
ation are unchanged in their activity/expression in Rbpj-cKO ureters at E14.5. (A,B) RNA 
in situ hybridization analysis of Shh, its target gene Ptch1 and its effector gene Foxf1; of Bmp4, 
its target genes Id2 and Id4; of Wnt7b and Wnt9b, and the WNT target gene Axin2; of the gene 
encoding the RA synthesizing enzyme Aldh1a2, and the targets of RA signaling activity in the 
UM, Rarb and Ecm1 (A) and of the transcription factor genes Sox9, Tbx18 and Tshz3 (B) on 
transverse sections of the proximal ureter of control and Rbpj-cKO embryos at E14.5. Geno-
types, probes and fold change in the microarray are shown. n>=3 for all probes. ue, ureteric 
epithelium; um, ureteric mesenchyme. 
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Fig. S7. Ectopic expression of the Notch1 intracellular domain (NICD) does not induce 
expression of SMC regulatory and structural genes in the UM. (A) RNA in situ hybridiza-
tion analysis on transverse sections of E12.5 Tbx18cre/+;Rosa26NICD/+ ureters for expression of 
SMC regulatory genes (A), SMC structural genes (B) and genes with reduced expression in 
E14.5 Rbpj-cKO microarray, Car3 and Shisa2 (C); n=3 for all probes. ue, ureteric epithelium; 
um, ureteric mesenchyme.  
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Table S1. Primer for qRT-PCR analysis of gene expression. 

 

Gene Forward primer Reverse primer

Ckm 5′-CCCAGGTCACCCCTTCATC-3′ 5′-CGGTCTTATGCTTGTCTGTGG-3′

Foxf1 5′-CAAGGCATCCCTCGGTATCA-3′ 5′-AGATCCTCCGCCTGTTGTATG-3′

Gapdh 5′-ATGACATCAAGAAGGTGGTG-3′ 5′-CATACCAGGAAATGAGCTTG-3′ 

Myocd 5′-CACACCTCAAAGAACCAAATGAAC-3′5′-TTTTGACAGGGGATAGAGGGG-3′

Pcp4 5′-TGAGAGACAAAGTGCCGGAG-3′ 5′-TGGACTTTCTTCTGCCCATCA-3′

Pcp4l1 5′-GCGAGCTTAACACCAAAACAC-3′ 5′- CCAGGCTTCCCTTTTTCCTC-3′

Ppia 5′-GATTCATGTGCCAGGGTGGT-3′ 5′-GCCATTCAGTCTTGGCAGTG-3′ 

Tagln 5′-AGATGGAACAGGTGGCTCAA-3′ 5′-TGCTGCCATATCCTTACCTTCA-3′

Tnnt2 5′-GAGGCCAACGTAGAAGAGGT-3′ 5′-CTCTCCATCGGGGATCTTGG-3′

Tpm2 5′-ATGTGGCCTCTCTGAACCG-3′ 5′-TCCTCTCTCGCTCTCATCCG-3′
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GeneName control 1 mutant 1 control 2 mutant 2 FC1 FC2 FC_avg

Myh6 949 170 1109 200 -5,6 -5,6 -5,6

Wfdc18 518 96 401 98 -5,4 -4,1 -4,7

Colec11 737 135 527 147 -5,5 -3,6 -4,5

A_55_P2145656 733 200 873 193 -3,7 -4,5 -4,1

Mc4r 334 110 298 81 -3,0 -3,7 -3,3

Prg4 248 75 172 50 -3,3 -3,4 -3,3

Pcp4 37026 10851 36156 11506 -3,4 -3,1 -3,3

Rergl 812 225 730 280 -3,6 -2,6 -3,1

P2ry14 198 70 204 61 -2,8 -3,4 -3,1

Ccl11 1129 381 985 319 -3,0 -3,1 -3,0

Heyl 872 279 777 295 -3,1 -2,6 -2,9

Ckm 1330 492 1212 412 -2,7 -2,9 -2,8

Myl4 6953 2163 6056 2634 -3,2 -2,3 -2,8

Myo18b 197 78 222 78 -2,5 -2,9 -2,7

Rhoa 9392 3376 13259 5642 -2,8 -2,3 -2,6

Rps6ka3 622 350 1545 473 -1,8 -3,3 -2,5

Pcp4l1 2414 1041 2570 950 -2,3 -2,7 -2,5

Synm 177 99 201 64 -1,8 -3,1 -2,5

Gm3646 272 80 206 137 -3,4 -1,5 -2,5

Plin4 228 83 230 107 -2,7 -2,2 -2,4

Dclk3 399 121 222 144 -3,3 -1,5 -2,4

Rbpj 5235 1695 4093 2327 -3,1 -1,8 -2,4

Tnmd 189 82 161 64 -2,3 -2,5 -2,4

Lgi1 429 157 397 198 -2,7 -2,0 -2,4

Scrt1 248 109 271 111 -2,3 -2,4 -2,4

Akr1c18 904 347 644 356 -2,6 -1,8 -2,2

Fgf5 205 107 261 105 -1,9 -2,5 -2,2

Cntfr 353 180 566 233 -2,0 -2,4 -2,2

Cav3 1655 959 1929 728 -1,7 -2,7 -2,2

Art3 192 114 257 97 -1,7 -2,7 -2,2

Dpp8 1894 1037 2352 950 -1,8 -2,5 -2,2

Rbfox3 994 498 981 425 -2,0 -2,3 -2,1

Sntg2 1360 670 1676 745 -2,0 -2,3 -2,1

Tnnt2 18032 9028 16990 7696 -2,0 -2,2 -2,1

Tnnc1 229 97 246 135 -2,4 -1,8 -2,1

Calca 288 117 212 132 -2,5 -1,6 -2,0

1700061G19Rik 322 167 390 183 -1,9 -2,1 -2,0

Fabp3 681 360 759 356 -1,9 -2,1 -2,0

Angptl1 443 224 552 272 -2,0 -2,0 -2,0

Thsd7b 167 75 175 99 -2,2 -1,8 -2,0

Smim12 209 136 308 125 -1,5 -2,5 -2,0

Ramp1 559 353 627 261 -1,6 -2,4 -2,0

Angptl7 1756 891 1642 829 -2,0 -2,0 -2,0

Akap5 195 82 155 99 -2,4 -1,6 -2,0

Scx 301 144 331 179 -2,1 -1,8 -2,0

Myrip 158 75 174 97 -2,1 -1,8 -1,9

Aspn 14889 7352 13827 7598 -2,0 -1,8 -1,9

Tnnc2 752 406 797 401 -1,9 -2,0 -1,9

Ddx6 1380 788 2396 1152 -1,8 -2,1 -1,9

Nrxn1 556 245 501 321 -2,3 -1,6 -1,9

Mup1 159 102 170 77 -1,6 -2,2 -1,9

6430519N07Rik 401 217 428 223 -1,8 -1,9 -1,9

Mamdc2 234 123 249 135 -1,9 -1,8 -1,9

Laptm4a 40229 19736 37074 21835 -2,0 -1,7 -1,9

Gm2115 298 160 308 168 -1,9 -1,8 -1,8

Synpo2 7814 3775 8177 5163 -2,1 -1,6 -1,8

C1qtnf3 2404 1439 3512 1780 -1,7 -2,0 -1,8

Ptger3 264 145 196 110 -1,8 -1,8 -1,8

Fgf10 1072 558 1085 646 -1,9 -1,7 -1,8

Intensities Fold change (FC)
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Table S2A. Genes with decreased expression in microarrays of E18.5Rbpj-cKO ureters. 
Shown are gene names, individual intensities of the two control and mutant samples and the 
individual and average fold change.  
 

 

 

 

 

 

 

 

 

 

Leprel1 238 157 231 112 -1,5 -2,1 -1,8

Egfl6 995 558 939 540 -1,8 -1,7 -1,8

Aoc3 1385 821 1377 759 -1,7 -1,8 -1,8

Rtf1 176 94 188 116 -1,9 -1,6 -1,8

Irx3 317 181 272 156 -1,8 -1,7 -1,7

Foxd1 6048 3329 5662 3371 -1,8 -1,7 -1,7

Htra4 263 140 220 137 -1,9 -1,6 -1,7

Ryr3 863 509 977 550 -1,7 -1,8 -1,7

Stac 1433 796 1353 815 -1,8 -1,7 -1,7

Mfap4 16154 8353 23954 15803 -1,9 -1,5 -1,7

Pilra 216 116 228 145 -1,9 -1,6 -1,7

Ifi202b 1555 989 1848 1003 -1,6 -1,8 -1,7

Rgs2 35389 22839 35236 18947 -1,5 -1,9 -1,7

Casq1 262 161 243 136 -1,6 -1,8 -1,7

Optc 534 322 590 341 -1,7 -1,7 -1,7

Sh3bgr 6320 3931 6645 3736 -1,6 -1,8 -1,7

Sync 443 279 402 225 -1,6 -1,8 -1,7

Col24a1 456 265 446 271 -1,7 -1,6 -1,7

Aard 681 367 652 434 -1,9 -1,5 -1,7

Fam134c 774 480 839 485 -1,6 -1,7 -1,7

Rrad 150 100 160 87 -1,5 -1,8 -1,7

Plac8 2569 1497 2193 1356 -1,7 -1,6 -1,7

Mustn1 1951 1273 2280 1273 -1,5 -1,8 -1,7

Fam212b 190 122 190 108 -1,6 -1,8 -1,7

Olfr78 124 79 140 80 -1,6 -1,7 -1,7

Rtn4 4029 2659 5259 3029 -1,5 -1,7 -1,6

Des 603 380 436 269 -1,6 -1,6 -1,6

Mfn2 396 257 401 244 -1,5 -1,6 -1,6

Ldb3 1183 727 1247 812 -1,6 -1,5 -1,6

Actg2 35735 22573 33264 21065 -1,6 -1,6 -1,6

Gm9758 225 148 219 134 -1,5 -1,6 -1,6

Tpm2 30764 19848 26106 16552 -1,5 -1,6 -1,6

Itpkc 174 112 175 111 -1,6 -1,6 -1,6

Cited1 2552 1616 3013 1985 -1,6 -1,5 -1,5
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Table S2B. Genes with increased expression in microarrays of E18.5 Rbpj-cKO ureters. 

Shown are gene names, individual intensities of the two control and mutant samples and the 

individual and average fold change.  

GeneName_RCUT control 1 mutant 1 control 2 mutant 2 FC1 FC2 FC_avg

A_55_P2036952 81 694 70 795 8,5 11,3 9,9

Crhbp 82 179 32 418 2,2 13,2 7,7

TC1699341 96 373 74 470 3,9 6,3 5,1

Btbd9 576 1493 159 976 2,6 6,2 4,4

Gdnf 64 224 98 267 3,5 2,7 3,1

Cyp2e1 217 650 193 587 3,0 3,0 3,0

Cntn6 238 799 364 874 3,4 2,4 2,9

Six2 86 290 191 406 3,4 2,1 2,8

Tac1 122 371 169 358 3,0 2,1 2,6

Grem2 57 188 98 166 3,3 1,7 2,5

Sostdc1 181 556 131 215 3,1 1,6 2,4

Cadps 318 687 341 810 2,2 2,4 2,3

Cntn4 167 381 174 376 2,3 2,2 2,2

AI314604 64 146 83 167 2,3 2,0 2,1

Otop2 163 275 139 346 1,7 2,5 2,1

A_55_P2097820 4760 10418 3846 7097 2,2 1,8 2,0

Scg3 91 143 76 184 1,6 2,4 2,0

Ahrr 176 391 237 415 2,2 1,8 2,0

Hey1 1417 3017 1617 2972 2,1 1,8 2,0

Retnlg 166 284 178 393 1,7 2,2 2,0

Kif26b 288 604 295 523 2,1 1,8 1,9

Scgb1c1 92 214 137 208 2,3 1,5 1,9

Nap1l2 226 381 225 469 1,7 2,1 1,9

Coch 79 156 98 174 2,0 1,8 1,9

Lrfn5 270 431 294 626 1,6 2,1 1,9

TC1726805 463 845 358 672 1,8 1,9 1,9

Crym 545 1020 586 1067 1,9 1,8 1,8

H2-T9 665 1034 462 982 1,6 2,1 1,8

Rnf39 91 175 84 148 1,9 1,8 1,8

Pisd-ps3 258 448 200 354 1,7 1,8 1,8

Khdrbs2 136 230 142 257 1,7 1,8 1,7

Itga4 1308 2453 1448 2322 1,9 1,6 1,7

Cux2 77 128 80 140 1,7 1,7 1,7

9330159M07Rik 134 226 137 234 1,7 1,7 1,7

Npy1r 352 578 391 678 1,6 1,7 1,7

Ppm1e 512 942 701 1060 1,8 1,5 1,7

Mpo 396 599 569 1045 1,5 1,8 1,7

Mmp8 88 149 114 187 1,7 1,6 1,7

Fbln7 89 161 104 159 1,8 1,5 1,7

Cutal 107 177 135 226 1,7 1,7 1,7

Zbtb43 201 318 156 271 1,6 1,7 1,7

Tanc1 159 248 137 236 1,6 1,7 1,6

Lama1 228 364 229 375 1,6 1,6 1,6

Kcnip4 181 305 180 278 1,7 1,5 1,6

Pitx1 195 293 170 268 1,5 1,6 1,5

Intensities Fold change (FC)
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Table S3A. Functional annotation of genes with decreased expression in the microarray 

of E18.5 Rbpj-cKO ureters. Functional annotation was perfomed by DAVID 6.8 web software 

(https://david.ncifcrf.gov) for 93 genes with decreased expression in the microarray of E18.5 

Rbpj-cKO ureters.      
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Part – 3 Notch signaling in SMC differentiation 
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Table S3B. Clustering of functional annotations of genes with decreased expression in 

the microarray of E18.5 Rbpj-cKO ureters. Functional clustering was performed on func-

tional annotation terms by DAVID 6.8 web software (https://david.ncifcrf.gov) for 93 genes with 

decreased expression in the microarray of E18.5 Rbpj-cKO ureters. Shown are the top 10 

clusters. 
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Table S4A. Functional annotation of genes with increased expression in the microarray 

of E18.5 Rbpj-cKO ureters. Functional annotation was perfomed by DAVID 6.8 web software 

(https://david.ncifcrf.gov) for 45 genes with decreased expression in the microarray of E18.5 

Rbpj-cKO ureters.      
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Part – 3 Notch signaling in SMC differentiation 
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Table S4B. Clustering of functional annotations of genes with increased expression in 

the microarray of E18.5 Rbpj-cKO ureters. Functional clustering was performed on func-

tional annotation terms by DAVID 6.8 web software (https://david.ncifcrf.gov) for 45 genes with 

increased expression in the microarray of E18.5 Rbpj-cKO ureters. Shown are the top 10 clus-

ters. 
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Table S5A. qRT-PCR analysis of SMC gene expression in control and Rbpj-cKO ureters 

at E18.5 (relates to Fig. 2I). 

 

 

 

Table S5B. qRT-PCR analysis of SMC gene expression in mRNA of control and E18.5 

Rbpj-cKO ureters cultured for 6 days (relates to Fig. 3E).  

 

 

Table S5C. RT-PCR analysis of Foxf1 and Myocd  expression in mRNA of E14.5 control 

and Rbpj-cKO ureters (relates to Fig. 5D). For Foxf1 analysis 3 pools of control and mutant 

ureters (n=10) were testet. For Myocd expression 1 pool of control and mutant ureters (n=10) 

were testet with 4 techinal replicates. 

gene genotype #1 #2 #3 mean

standard 

deviation #1 #2 #3 mean

standard 

deviation

Student's t-

test-unpaired

Ckm control 1,421 1,039 1 1,15333333 0,189937417 1,23208092 0,90086705 0,86705202 1 0,16468562 p = 0,0029

Rbpj-cKO 0,283 0,27 0,292 0,28166667 0,009030811 0,24537572 0,23410405 0,25317919 0,24421965 0,00783018

Pcp4 control 1,458 1,482 1 1,31333333 0,221776664 1,11015228 1,1284264 0,76142132 1 0,16886548 p = 0,0045

Rbpj-cKO 0,329 0,444 0,394 0,389 0,04708149 0,25050761 0,33807107 0,3 0,29619289 0,03584885

Pcp4l1 control 1,286 1,323 1 1,203 0,144335258 1,06899418 1,09975062 0,8312552 1 0,11997943 p = 0,0017

Rbpj-cKO 0,421 0,433 0,441 0,43166667 0,008219219 0,34995844 0,3599335 0,36658354 0,35882516 0,00683227

Tagln control 1,059 0,995 1 1,018 0,02906315 1,04027505 0,97740668 0,98231827 1 0,02854926 p = 0,0019

Rbpj-cKO 0,874 0,863 0,857 0,86466667 0,007039571 0,85854617 0,84774067 0,84184676 0,84937787 0,0069151

Tnnt2 control 1,165 1,16 1 1,10833333 0,076630426 1,05112782 1,04661654 0,90225564 1 0,06914023 p = 0,0040

Rbpj-cKO 0,661 0,721 0,525 0,63566667 0,08199729 0,59639098 0,65052632 0,47368421 0,57353384 0,07398252

Tpm2 control 1,021 1,027 1 1,016 0,011575837 1,00492126 1,01082677 0,98425197 1 0,01139354 p = 0,0394

Rbpj-cKO 0,947 0,754 0,836 0,84566667 0,079087856 0,93208661 0,74212598 0,82283465 0,83234908 0,07784238

normalized biological replicatesbiological replicates

gene genotype #1 #2 #3 mean

standard 

deviation #1 #2 #3 mean

standard 

deviation

Student's t-

test-unpaired

Ckm control 0,068 0,109 0,075 0,084 0,017907168 0,80952381 1,29761905 0,89285714 1 0,21318057 p = 0,0427

Rbpj-cKO 0,034 0,047 0,009 0,03 0,015769168 0,4047619 0,55952381 0,10714286 0,35714286 0,18772819

Pcp4 control 2,21 2,232 2,828 2,42333333 0,286283465 0,91196699 0,92104539 1,16698762 1 0,11813623 p = 0,0730

Rbpj-cKO 1,141 0,398 2,023 1,18733333 0,664211981 0,47083906 0,16423659 0,83480055 0,48995873 0,27409023

Pcp4l1 control 0,31 0,421 0,257 0,32933333 0,068334146 0,94129555 1,27834008 0,78036437 1 0,20749235 p = 0,0224

Rbpj-cKO 0,165 0,039 0,123 0,109 0,052383203 0,50101215 0,11842105 0,37348178 0,33097166 0,15905831

Tagln control 0,594 0,434 0,555 0,52766667 0,068119177 1,12571068 0,82248895 1,05180038 1 0,12909509 p = 0,1682

Rbpj-cKO 0,458 0,396 0,463 0,439 0,030474033 0,8679722 0,75047378 0,87744788 0,83196462 0,05775243

Tnnt2 control 0,213 0,26 0,245 0,23933333 0,019601587 0,88997214 1,08635097 1,02367688 1 0,08190078 p = 0,0091

Rbpj-cKO 0,131 0,032 0,098 0,087 0,041158231 0,54735376 0,13370474 0,40947075 0,36350975 0,17197032

Tpm2 control 0,351 0,38 0,449 0,39333333 0,041104204 0,89237288 0,96610169 1,14152542 1 0,10450221 p = 0,0180

Rbpj-cKO 0,267 0,232 0,147 0,21533333 0,050387388 0,67881356 0,58983051 0,37372881 0,54745763 0,12810353

biological replicates normalized biological replicates

gene genotype #1 #2 #3 mean

standard 

deviation

Student's t-

test-unpaired

Foxf1 control 0,70885242 1,14307404 1,02726259 0,95972968 0,21 p=0,7431

Rbpj-cKO 0,76369365 0,95605874 1,05422583 0,92465941 0,14

gene genotype #1 #2 #3 #4 mean

standard 

deviation

Student's t-

test-unpaired

Myocd control 0,9565335 1 1,01883316 1,17108711 1,036613443 0,09 p=0,0000119

Rbpj-cKO 0,25836976 0,37364131 0,23516852 0,3214145 0,297148521 0,06

biological replicates

technical replicates
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Table S5D. qRT-PCR analysis of SMC gene expression in control and Rbpj-cKO ureters at 

E18.5 (relates to Fig. 5E). 

 

 

Table S5E. qRT-PCR analysis of SMC gene expression in mRNA of E18.5 ureters cultured 

for 18h in presence of DMSO or 1 µM DAPT (relates to Fig. 6C). 

 

 

Table S5F. qRT-PCR analysis of SMC gene expression in mRNA of E18.5 ureters cultured for 

6 days in presence of DMSO or 1 µM DAPT (relates to Fig. 6D). 

 

 

 

gene genotype #1 #2 #3 mean

standard 

deviation #1 #2 #3 mean

standard 

deviation

Student's t-

test-unpaired

Myocd control 1,28 1,025 1 1,10166667 0,126513065 1,16187595 0,93040847 0,90771558 1 0,11483788 p = 0,3635 E18.5

Rbpj-cKO 1,206 1,095 1,377 1,226 0,115991379 1,09470499 0,99394856 1,24992436 1,1128593 0,10528718

Myocd control 0,061 0,089 0,051 0,067 0,016083117 0,91044776 1,32835821 0,76119403 1 0,24004653 p = 0,1717 E18.5 + 6 d

Rbpj-cKO 0,065 0,026 0,018 0,03633333 0,020531818 0,26865672 0,97014925 0,3880597 0,54228856 0,30644504

normalized biological replicatesbiological replicates

gene genotype #1 #2 #3 mean

standard 

deviation #1 #2 #3 mean

standard 

deviation

Student's t-

test-unpaired

Ckm control 0,258 0,314 0,321 0,29766667 0,028193774 0,866741321 1,054871221 1,07838746 1 0,09471593 p = 0,0427

1 µM DAPT 0,227 0,229 0,25 0,23533333 0,010402991 0,762597984 0,769316909 0,83986562 0,79059351 0,03494846

Myocd control 1,17 0,793 1,527 1,16333333 0,299691323 1,005730659 0,681661891 1,31260745 1 0,25761432 p = 0,5219

1 µM DAPT 1,061 0,784 1,144 0,99633333 0,153918449 0,912034384 0,673925501 0,98338109 0,85644699 0,13230812

Pcp4 control 1,444 2,106 1,337 1,629 0,340106846 0,886433395 1,29281768 0,82074893 1 0,20878259 p = 0,7432

1 µM DAPT 1,45 1,917 1,18 1,51566667 0,304440835 0,890116636 1,17679558 0,72437078 0,93042767 0,18688817

Pcp4l1 control 0,948 0,887 1,364 1,06633333 0,211950204 0,889027821 0,831822445 1,27914973 1 0,19876543 p = 0,1091

1 µM DAPT 0,581 0,789 0,804 0,72466667 0,101772077 0,544857768 0,739918725 0,75398562 0,67958737 0,09544115

Tagln control 0,468 0,497 0,796 0,587 0,148258783 0,797274276 0,846678024 1,3560477 1 0,25257033 p = 0,7647

1 µM DAPT 0,559 0,539 0,562 0,55333333 0,010208929 0,95229983 0,918228279 0,95741056 0,94264622 0,0173917

Tnnt2 control 0,907 1,07 0,934 0,97033333 0,071331776 0,934730333 1,102713844 0,96255582 1 0,07351265 p = 0,0091

1 µM DAPT 0,687 0,559 0,702 0,64933333 0,064168182 0,708004122 0,57609069 0,72346273 0,66918585 0,06613004

Tpm2 control 1,189 0,718 1,179 1,02866667 0,219712438 1,155865198 0,697990927 1,14614388 1 0,21358954 p = 0,1526

1 µM DAPT 0,743 0,592 0,843 0,726 0,103172994 0,722294232 0,575502268 0,81950745 0,70576798 0,10029779

biological replicates normalized biological replicates

gene genotype #1 #2 #3 mean

standard 

deviation #1 #2 #3 mean

standard 

deviation

Student's t-

test-unpaired

Ckm control 0,099 0,066 0,058 0,07433333 0,017745109 1,331838565 0,887892377 0,78026906 1 0,23872344 p = 0,0241

1 µM DAPT 0,037 0,02 0,02 0,02566667 0,008013877 0,497757848 0,269058296 0,2690583 0,34529148 0,10781

Myocd control 0,064 0,048 0,058 0,05666667 0,006599663 1,129411765 0,847058824 1,02352941 1 0,11646465 p = 0,0182

1 µM DAPT 0,039 0,024 0,019 0,02733333 0,008498366 0,688235294 0,423529412 0,33529412 0,48235294 0,14997116

Pcp4 control 1,57 1,41 1,362 1,44733333 0,088924437 1,08475357 0,974205435 0,94104099 1 0,06144019 p = 0,0210

1 µM DAPT 1,166 0,926 0,754 0,94866667 0,168960219 0,80561953 0,639797328 0,52095808 0,65545831 0,11673898

Pcp4l1 control 0,371 0,181 0,241 0,26433333 0,079302515 1,403530895 0,684741488 0,91172762 1 0,30000951 p = 0,0392

1 µM DAPT 0,118 0,076 0,075 0,08966667 0,020038851 0,446406053 0,287515763 0,28373266 0,33921816 0,07580902

Tagln control 0,439 0,394 0,537 0,45666667 0,059701107 0,961313869 0,862773723 1,17591241 1 0,13073235 p = 0,0110

1 µM DAPT 0,286 0,233 0,213 0,244 0,030800433 0,626277372 0,510218978 0,46642336 0,53430657 0,0674462

Tnnt2 control 0,146 0,152 0,09 0,12933333 0,027920522 1,128865979 1,175257732 0,69587629 1 0,21588033 p = 0,0337

1 µM DAPT 0,072 0,062 0,029 0,05433333 0,018372685 0,556701031 0,479381443 0,2242268 0,42010309 0,14205684

Tpm2 control 0,276 0,332 0,206 0,27133333 0,051545018 1,017199017 1,223587224 0,75921376 1 0,18996935 p = 0,4684

1 µM DAPT 0,236 0,298 0,138 0,224 0,065868556 0,86977887 1,098280098 0,50859951 0,82555283 0,24275881

biological replicates normalized biological replicates
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Control 

specimens (1 

and 2 refer to 

the left and 

right ureter)

contractio

ns of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contractio

ns of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contraction

s of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contraction

s of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contractio

ns of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contraction

s of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

#13_1 2 1,5 1 1 1,5 1,5

#13_2 1 1,5 2 1 0,5 2

#15_1 1,5 2 2,5 2,5 3,5 2,5

#15_2 1,5 1 1 1 1 1

#16_1 2 1,5 1,5 2 1,5 1

#16_2 1,5 1,5 1 3,5 2,5 1,5

#20_1 1 1,5 2 1 1 1

#20_2 0,5 0,5 1 1 2,5 1

#22_1 2 1,5 1 1 1 1

#22_2 1 0,5 1 1 1 1,5

#25_1 2 1 1 1,5 1 1

#25_2 1,5 1,5 2,5 2 1,5 1,5

#29_1 1 1 2 1,5 1,5 1

#29_2 1,5 2 2 1,5 1 1

#30_1 1 1 1 1,5 1 2

#30_2 2 1,5 1,5 1,5 2 1

#32_1 2 1 1 1 2 1

#32_2 0,5 2 1,5 2 1 1,5

#34_1 1,5 1,5 1 1,5 1 1

#34_2 1 1 2 1 1 1

#37_1 2 2 2 1 1,5 1

#37_2 2 2 2,5 2,5 1,5 2,5

#40_1 1,5 2,5 1 1,5 1 1

#40_2 2 1 1,5 2 2 2

#42_1 2 1,5 1,5 2 1 2

#42_2 2,5 2,5 2,5 1,5 2,5 1

#47_1 1 2,5 1,5 3,5 3 2

#47_2 2 2 1,5 2 2 2

#50_1 3,5 3,5 1,5 2 2 2

#50_2 2 2,5 2 2,5 3 2,5

#54_1 1,5 2 2 2 1,5 1

#54_2 2 3 2,5 2 2,5 3

#55_1 2 2,5 1 1 1,5 1

#55_2 1 2,5 1,5 1,5 1,5 1,5

#57_1 2 2 2 1 1

#57_2 2 2,5 2,5 2 2 1,5

#59_1 1 1 1,5 1 1 1

#59_2 1,5 2,5 3 2,5 2 1

#60_1 1 2 1,5 1 1,5 3,5

#60_2 1 2 2 1 1 2

#61_1 1 2 1 1 4,5 1

#61_2 1 2 4 2 2,5 2,5

#62_1 3 3 2,5 2,5 3 1,5

#62_2 3 3 2 2 2 1,5

#63_1 2 2 3 2,5 2 2,5

#63_2 2,5 2 2 1,5 1,5 1

#64_1 3 2 0,5 2 1,5 1,5

#64_2 2 2 2 2 1 1,5

#68_1 2 2 2 2 1 1,5

#68_2 2,5 2 2 3 1,5 1,5

#69_1 3 2,5 2,5 2,5 2 2

#69_2 2 2 2,5 2 1,5 2,5

 Rbpj-cKO 

specimens (1 

and 2 refer to 

the left and 

right ureter)

contractio

ns of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contractio

ns of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contraction

s of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contraction

s of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contractio

ns of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contraction

s of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

#14_1 1 1 3 1,5 1,5 1

#14_2 1 2 2 2 2 3

#17_1 1 1,5 1 4 1,5 1

#17_2 0,5 2 2 2,5 1,5 1,5

#18_1 0,5 1 1 1,5 1 1,5

#18_2 0,5 1 1,5 1,5 1 1

#19_1 1 0,5 2 2,5 4,5 4,5

#19_2 0,5 1 1,5 1,5 1,5 2

#24_1 1 1,5 2 2 1,5 1

#24_2 1,5 2,5 2 1 1 1

#31_1 0,5 0,5 1,5 2 1,5 1

#31_2 0,5 0,5 1 0,5 3 2,5

#33_1 1 1,5 1 1 1 1

#33_2 0,5 1 1,5 1 1 1

#35_1 1 1,5 4 1,5 2 1

#35_2 1 1 1 2,5 1,5 1

#36_1 1 1,5 1,5 2 1 1,5

#36_2 2 1 1 1 1 1

#39_1 1 1 2,5 2 2,5 2,5

#39_2 1 1 2 2 3 1

#41_1 1 1 1 1,5 1 1

#41_2 1 1 1 2 1 1

#43_1 1 2,5 2 1,5 1 1

#43_2 0,5 1 1,5 2 2,5 1,5

#45_1 0,5 1 1 1,5 1 1

#45_2 0,5 1 1 1,5 1 1

#49_1 1 2,5 2,5 2,5 1,5 1,5

#49_2 2 2,5 3 4,5 4,5 2,5

#53_1 1 1 2,5 1 1 1

#53_2 1 2,5 2,5 2 1,5 1

#67_1 1 3 4,5 2 1,5 2,5

#67_2 1 2,5 1 1 1 11 2,75 2,75 1,5 1,25 1,75

1 1,75 2,5 1,5 1,25 1

1,5 2,5 2,75 3,5 3 2

0,5 1 1 1,5 1 1

0,75 1,75 1,75 1,75 1,75 1,25

1 1 1 1,75 1 1

1 1 2,25 2 2,75 1,75

1,5 1,25 1,25 1,5 1 1,25

1 1,25 2,5 2 1,75 1

0,75 1,25 1,25 1 1 1

0,5 0,5 1,25 1,25 2,25 1,75

1,25 2 2 1,5 1,25 1

0,75 0,75 1,75 2 3 3,25

0,5 1 1,25 1,5 1 1,25

0,75 1,75 1,5 3,25 1,5 1,25

1 1,5 2,5 1,75 1,75 2

2,5 2,25 2,5 2,25 1,75 2,25

2,25 2 2 2,5 1,25 1,5

2,5 2 1,25 2 1,25 1,5

2,25 2 2,5 2 1,75 1,75

3 3 2,25 2,25 2,5 1,5

1 2 2,5 1,5 3,5 1,75

1 2 1,75 1 1,25 2,75

1,25 1,75 2,25 1,75 1,5 1

2 2,25 2,5 2 1,5 1,25

1,5 2,5 1,25 1,25 1,5 1,25

1,75 2,5 2,25 2 2 2

2,75 3 1,75 2,25 2,5 2,25

1,5 2,25 1,5 2,75 2,5 2

2,25 2 2 1,75 1,75 1,5

1,75 1,75 1,25 1,75 1,5 1,5

2 2 2,25 1,75 1,5 1,75

1,25 1,25 1,5 1,25 1 1

1,25 1,5 1,25 1,5 1,5 1,25

1,5 1,25 1,25 1,5 1,5 1,5

1,25 1,5 2 1,5 1,25 1

1,75 1,25 1,75 1,75 1,25 1,25

1,5 1 1 1 1 1,25

0,75 1 1,5 1 1,75 1

1,75 1,5 1,25 2,75 2 1,25

day 1 of culture day 2 of culture day 3 of culture day 4 of culture day 5 of culture day 6 of culture

day 1 of culture day 2 of culture day 3 of culture day 4 of culture day 5 of culture day 6 of culture

1,5 1,5 1,75 1,75 2,25 1,75

1,5 1,5 1,5 1 1 1,75
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Table S6A. Statistical analysis of the peristaltic frequency of E18.5 control (n=26) and 

Rbpj-cKO (n=16) ureters over 6 days of culture (relates to Figure 3B). Shown are the 

average and corresponding standard deviations of peristaltic contractions per minute after 1 

to 6 days after ureter explantation at E18.5. One minute was video-monitored. The statistical 

significance was calculated by a two-tailed Student’s t-test. *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 

0.001. 

day 1 of 

culture

day 2 of 

culture

day 3 of 

culture

day 4 of 

culture

day 5 of 

culture

day 6 of 

culture
Control average 

(n=23) 1,74 1,87 1,79 1,76 1,69 1,56

Rbpjk cKO 

average (n=16) 0,92 1,44 1,83 1,83 1,66 1,47

Control stdev 0,57 0,54 0,48 0,51 0,58 0,44

Rbpjk cKO stdev 0,31 0,62 0,64 0,66 0,72 0,60

t-test 4,8497E-06 0,022957219 0,81940761 0,708869426 0,85968586 0,583781274
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Day 1 proximal Day 3 proximal

Time

 Control 

average 

Control 

stdev

 Rbpj-cKO 

average

 Rbpj-cKO 

stdev t-test Time

 Control 

average 

Control 

stdev

 Rbpj-cKO 

average

 Rbpj-cKO 

stdev t-test

0 0,00027525 0,00095565 0 0 0,26756869 0 0,002277309 0,0054192 0,002918955 0,006291365 0,730658688

1 0,45813082 0,19077348 0,27537906 0,172742547 0,00372291 1 0,598296874 0,17246748 0,483467279 0,151070578 0,036502833

2 0,64175340 0,13510043 0,51164199 0,194528255 0,01518951 2 0,694215781 0,15456277 0,659325867 0,114606266 0,447128152

3 0,65556137 0,13854860 0,59062374 0,173781446 0,19279709 3 0,699648758 0,17625909 0,677543114 0,125215621 0,668889767

4 0,64437768 0,13394654 0,62080573 0,146297079 0,59993037 4 0,684915015 0,18389509 0,643940542 0,149464207 0,463557483

5 0,58706858 0,14100650 0,59060847 0,128477562 0,93617611 5 0,630269054 0,18027432 0,55537769 0,168813145 0,193845483

6 0,49677433 0,16407376 0,53219249 0,136768207 0,48062491 6 0,512203032 0,16482944 0,422630396 0,158990123 0,094789173

7 0,42048470 0,17979472 0,45443477 0,158843846 0,54395639 7 0,37164506 0,12959444 0,286005093 0,107940988 0,035202311

8 0,36020551 0,18837770 0,37539067 0,160923661 0,79315773 8 0,27593852 0,09710123 0,216543554 0,075812128 0,046573958

9 0,30916313 0,18228868 0,31717832 0,16581005 0,88840904 9 0,221239433 0,08672965 0,16728923 0,063588522 0,040129365

10 0,25382510 0,16157484 0,27068730 0,159879081 0,74637829 10 0,181558928 0,08073572 0,146437967 0,058712064 0,145005914

11 0,20574701 0,13983667 0,22702108 0,146846329 0,64496807 11 0,151308423 0,0701205 0,131606255 0,052587352 0,346293537

12 0,17714770 0,11495469 0,19520351 0,129624476 0,64397176 12 0,131892581 0,05855051 0,115689828 0,051758665 0,375171918

13 0,14924769 0,09365595 0,16101064 0,101491994 0,7070294 13 0,118916869 0,05495345 0,099461275 0,048129434 0,256699857

14 0,12970652 0,07854779 0,13710018 0,084103312 0,7770615 14 0,112461382 0,04740619 0,086162244 0,046351592 0,099200636

15 0,11156816 0,06209172 0,11951127 0,069756571 0,70605355 15 0,101215213 0,04627507 0,075185537 0,044451327 0,092808377

16 0,09768265 0,04773416 0,10382525 0,057709859 0,71333824 16 0,094594319 0,04561216 0,06770423 0,04270787 0,076243059

17 0,08560472 0,03766944 0,09306682 0,052206204 0,59726636 17 0,090575804 0,05095602 0,061497869 0,04073368 0,072304086

18 0,08640923 0,06473763 0,08573457 0,047102159 0,97177368 18 0,085717877 0,04936653 0,052821331 0,037815461 0,035332831

19 0,07768900 0,06919190 0,07610392 0,041226945 0,93547391 19 0,077931344 0,04649741 0,049124521 0,035159055 0,048824975

20 0,05744224 0,03225041 0,06850005 0,038141014 0,32538045 20 0,074197346 0,04527571 0,047201416 0,031458812 0,053024298

Day 1 medial Day 3 medial

Time

 Control 

average 

Control 

stdev

 Rbpj-cKO 

average

 Rbpj-cKO 

stdev t-test Time

 Control 

average 

Control 

stdev

 Rbpj-cKO 

average

 Rbpj-cKO 

stdev t-test

0 0,00120482 0,00322755 0 0 0,15287176 0 0,002256075 0,00447259 0,004408806 0,008638656 0,293370159

1 0,52435162 0,19711253 0,23513400 0,101137376 4,028E-06 1 0,679520089 0,16418879 0,526112406 0,159237493 0,00496464

2 0,68509314 0,13977453 0,48254948 0,178470037 0,00022144 2 0,734447107 0,14469287 0,699219567 0,160459356 0,466505131

3 0,70652538 0,12866941 0,57347842 0,16738548 0,00650835 3 0,725175194 0,15549182 0,729586972 0,154070054 0,929050998

4 0,69417965 0,12995078 0,60365465 0,149749271 0,0473499 4 0,70850935 0,17055561 0,731847461 0,145744323 0,652113456

5 0,65822580 0,13327660 0,60528537 0,134276502 0,22536293 5 0,678112497 0,18144886 0,67704862 0,152286949 0,984484361

6 0,58073398 0,14521275 0,57359910 0,125228509 0,87333918 6 0,57805983 0,19571405 0,549851921 0,15455537 0,627195459

7 0,48097317 0,17801381 0,51341304 0,123699839 0,53285344 7 0,433433381 0,21451415 0,389743856 0,159205696 0,486184837

8 0,40492412 0,19829959 0,43735851 0,139327668 0,57638307 8 0,328607998 0,18539863 0,274614421 0,12382968 0,309331685

9 0,34612367 0,20258161 0,36851533 0,155231089 0,71118535 9 0,245660821 0,14713838 0,199083306 0,076211995 0,24910097

10 0,28793582 0,19719245 0,32052328 0,157950622 0,58462128 10 0,190255562 0,11026942 0,153845956 0,050075035 0,222211293

11 0,24137453 0,17698500 0,27906933 0,14858528 0,48735845 11 0,160758393 0,09291409 0,125690103 0,037948476 0,159763549

12 0,20213559 0,14534400 0,24363760 0,135944209 0,3689622 12 0,141272039 0,0793963 0,107317669 0,036665962 0,116805579

13 0,16873901 0,11285580 0,21163151 0,120080763 0,25539169 13 0,123597216 0,06550761 0,095549552 0,036069082 0,124801029

14 0,14135896 0,08631661 0,18112133 0,102892366 0,19007073 14 0,112689147 0,05736255 0,082783979 0,033043677 0,072759089

15 0,11868637 0,06754842 0,14525397 0,082322463 0,26658215 15 0,107010657 0,05702017 0,07783438 0,035413774 0,08163704

16 0,10422506 0,05644103 0,12368945 0,070868625 0,33581732 16 0,100868408 0,05761927 0,072409815 0,038518425 0,096797733

17 0,09112969 0,05345650 0,10721086 0,063208133 0,38750984 17 0,09467232 0,05755686 0,066243586 0,038586783 0,096971462

18 0,09815418 0,08133938 0,09879213 0,05674577 0,97855226 18 0,086312962 0,05363759 0,06428499 0,046560375 0,192334386

19 0,08994873 0,08226213 0,08795132 0,051807501 0,93228718 19 0,080399402 0,05683069 0,05894842 0,046632177 0,222728173

20 0,06977041 0,04804739 0,08259165 0,044815303 0,40040166 20 0,074922235 0,05882858 0,056022629 0,044600916 0,288365717

Day 1 distal Day 3 distal

Time

 Control 

average 

Control 

stdev

 Rbpj-cKO 

average

 Rbpj-cKO 

stdev t-test Time

 Control 

average 

Control 

stdev

 Rbpj-cKO 

average

 Rbpj-cKO 

stdev t-test

0 0,00056260 0,00208277 0 0 0,29800768 0 0,0005495 0,00225758 0,002603138 0,008910564 0,266967301

1 0,52440847 0,20367635 0,25827585 0,173647394 0,00011289 1 0,68760679 0,14232025 0,509585751 0,153993666 0,000460322

2 0,70604749 0,13098769 0,45923748 0,190381316 1,4426E-05 2 0,778822621 0,09026241 0,706941897 0,117100571 0,030984774

3 0,75667714 0,09260805 0,55564152 0,176802807 2,1598E-05 3 0,779830078 0,10047214 0,757538658 0,0982508 0,485479393

4 0,76581572 0,08409615 0,60295223 0,162383241 0,00012099 4 0,782635614 0,09889544 0,747491946 0,108921933 0,288275872

5 0,75384944 0,07674702 0,61359188 0,152357984 0,0003157 5 0,754454866 0,10156325 0,697818733 0,113974019 0,101650958

6 0,69367989 0,10004267 0,60103799 0,13766138 0,01666046 6 0,666965949 0,13528386 0,581382288 0,147398893 0,06141312

7 0,60696893 0,15372473 0,55800566 0,119261326 0,29050163 7 0,531499084 0,16185301 0,440687147 0,12423822 0,062026388

8 0,52107396 0,19230767 0,49822537 0,117658732 0,67629893 8 0,398711946 0,15847752 0,329790948 0,097272524 0,125800576

9 0,44669046 0,21719515 0,42540187 0,138823596 0,73250114 9 0,302185153 0,13744779 0,248413477 0,071162737 0,156112396

10 0,38206864 0,21894645 0,36768752 0,148135519 0,82076906 10 0,237940217 0,10287929 0,202550554 0,054479241 0,212497492

11 0,32908248 0,20451805 0,32311406 0,153059524 0,92160451 11 0,194646985 0,0836278 0,176155746 0,050489454 0,429955997

12 0,28233875 0,18039964 0,28217235 0,152323224 0,99759673 12 0,170269781 0,07565935 0,155005753 0,045476966 0,470801114

13 0,23819757 0,15427484 0,24389446 0,143146684 0,90679528 13 0,151455388 0,06769122 0,138496602 0,041488386 0,495139272

14 0,19956847 0,12634201 0,21222404 0,129840844 0,75950519 14 0,137145335 0,0592563 0,129285504 0,039256034 0,641056897

15 0,16687034 0,09965587 0,18071970 0,119966549 0,69102244 15 0,121523985 0,05293823 0,115620513 0,03727464 0,7072407

16 0,13916543 0,08261280 0,16206166 0,102680132 0,43609476 16 0,110106764 0,04723543 0,103838032 0,032392674 0,662002037

17 0,11739434 0,06978465 0,14621755 0,086562687 0,24753593 17 0,098207552 0,04341111 0,095514937 0,032401941 0,840859945

18 0,11435666 0,07734746 0,13173023 0,074740005 0,4837507 18 0,089317691 0,03944436 0,090459958 0,031460898 0,926489483

19 0,10182712 0,07653698 0,11840581 0,066922924 0,48528529 19 0,079965101 0,03695865 0,085513251 0,031496519 0,638967652

20 0,07567418 0,04393104 0,10758670 0,059166498 0,05435358 20 0,072212476 0,03591294 0,077407125 0,030254578 0,65015464
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Table S6B. Statistical analysis of contraction intensities of E18.5 ureters from control 

and Rbpj-cKO embryos after 1,3  and 6 days of culture (relates to Figure 3C). Shown is 

the average intensity and corresponding standard deviations (STDV) in one sec intervals of 

one peristaltic contraction at day 1,3 and 6 of culture after ureter explantation at E18.5. n=26 

(control), n=16 (Rbpj-cKO). The proximal level equals to 25%, medial to 50% and distal to 75% 

of the entire ureter length. One minute was video-monitored. Contraction intensity equals to 

Multi-Kymograph grey value ratios (grey value at “t” / maximum grey value). The statistical 

significance was calculated by a two-tailed Student’s t-test. *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 

0.001. 

 

 

Table S7A. Statistical analysis of onset of peristaltic contractions in E14.5 control and 

Rbpj-cKO ureters over 6 days of culture (relates to Figure 4D). 

Day 6 proximal Day 6 medial

Time

 Control 

average 

Control 

stdev

 Rbpj-cKO 

average

 Rbpj-cKO 

stdev t-test Time

 Control 

average 

Control 

stdev

 Rbpj-cKO 

average

 Rbpj-cKO 

stdev t-test

0 0,01405435 0,02223799 0,00740533 0,02739539 0,39915386 0 0,00844387 0,01946865 0,00524994 0,01582922 0,58359747

1 0,543429 0,18657847 0,50975586 0,18858414 0,57939994 1 0,67086553 0,17095206 0,64298952 0,10647209 0,56206092

2 0,62294685 0,1659331 0,67077467 0,15444532 0,3637357 2 0,72946792 0,15462149 0,7784823 0,08881208 0,25576817

3 0,63315483 0,15570103 0,69440852 0,15040572 0,2228726 3 0,74341676 0,13597097 0,80008388 0,0742857 0,13440836

4 0,6196521 0,16716445 0,68664721 0,16413261 0,21708359 4 0,73912111 0,14415213 0,80536865 0,07508783 0,09754297

5 0,60650183 0,17304881 0,65889335 0,19076129 0,37028655 5 0,71909144 0,14905808 0,80253591 0,07305585 0,04364304

6 0,56716731 0,19422136 0,63364254 0,20386329 0,30244019 6 0,67055558 0,15969886 0,78780237 0,0790841 0,0093998

7 0,49066389 0,21597486 0,58391069 0,21604371 0,18717671 7 0,57887286 0,17024426 0,73865508 0,11479017 0,00197279

8 0,41237566 0,2122837 0,51305152 0,22541783 0,15736799 8 0,49340472 0,17292633 0,66091684 0,16341347 0,00342614

9 0,33555464 0,17684835 0,42827667 0,21718255 0,14233811 9 0,40962871 0,1526232 0,57512355 0,18005715 0,00279228

10 0,26750674 0,14058873 0,3615772 0,21506878 0,09617324 10 0,33658031 0,13320295 0,47334124 0,189807 0,00903695

11 0,22227416 0,12572994 0,31311054 0,20585869 0,08480989 11 0,26342364 0,1229359 0,3901552 0,18940262 0,01188945

12 0,19290591 0,11446379 0,27956028 0,19660204 0,07975724 12 0,21236909 0,11156676 0,32573682 0,19419847 0,02065533

13 0,17099391 0,10501962 0,24214073 0,18041162 0,11555831 13 0,18699875 0,09654909 0,28711239 0,189878 0,02898372

14 0,14964087 0,09045346 0,21105649 0,16135668 0,12338884 14 0,1651175 0,08597366 0,25792409 0,17863285 0,02880468

15 0,13412254 0,08313757 0,18993179 0,15056497 0,13122944 15 0,14886724 0,07731469 0,23307404 0,17438579 0,03733546

16 0,12378492 0,08195862 0,17225325 0,14104517 0,17409004 16 0,1365179 0,06456381 0,2066006 0,16220651 0,05918502

17 0,11174951 0,07701222 0,15272211 0,12314205 0,19993117 17 0,12815282 0,06303013 0,18035726 0,14184772 0,11419301

18 0,10079152 0,07429375 0,13827122 0,11029817 0,20415764 18 0,1210171 0,0633948 0,16238704 0,12684352 0,17288015

19 0,08833328 0,07216451 0,12658675 0,09770816 0,16642608 19 0,10601911 0,06306492 0,14931429 0,11433402 0,13134473

20 0,08470456 0,07206543 0,12937779 0,09035976 0,09964353 20 0,09742489 0,06361476 0,13147471 0,10964209 0,23168668

Day 6 distal

Time

 Control 

average 

Control 

stdev

 Rbpj-cKO 

average

 Rbpj-cKO 

stdev t-test

0 0,00461066 0,00982767 0,00988468 0,03786295 0,5011896

1 0,70367447 0,13310234 0,54573409 0,17643606 0,0020629

2 0,78938867 0,1278408 0,7476073 0,10543993 0,27945944

3 0,78624552 0,12794172 0,78515935 0,08221927 0,97601415

4 0,779782 0,13086262 0,79867105 0,07215781 0,60011903

5 0,76130099 0,14039095 0,80361526 0,07166679 0,27116842

6 0,73575899 0,15786767 0,79226279 0,07642952 0,18971217

7 0,67592936 0,16961886 0,75141213 0,1041957 0,11753621

8 0,59729427 0,18848338 0,68963521 0,14341633 0,10071506

9 0,50931799 0,19135901 0,59132002 0,17226135 0,1694247

10 0,40947693 0,17520225 0,498245 0,16564167 0,11153206

11 0,32970105 0,14233949 0,40908151 0,14195935 0,08658929

12 0,26969069 0,12132487 0,3351724 0,12100907 0,09684565

13 0,2271935 0,10645025 0,28627254 0,10468852 0,08648219

14 0,19139664 0,09248669 0,24345004 0,08895091 0,07993023

15 0,16427221 0,08050491 0,21457045 0,07679156 0,05227677

16 0,14637319 0,06856399 0,19505641 0,07919004 0,04340036

17 0,1323249 0,06000689 0,1777388 0,07312281 0,03614786

18 0,11929175 0,05665707 0,15780864 0,05831228 0,04228339

19 0,10346885 0,04554403 0,13898259 0,05351073 0,0301283

20 0,09572319 0,04143796 0,1303107 0,05243185 0,02788482

day 1 of 

culture

day 2 of 

culture

day 3 of 

culture

day 4 of 

culture

day 5 of 

culture

day 6 of 

culture
Control (n=46 

ureter) 0 0 16 (35%) 44 (96%) 46 (100%) 46 (100%)

Rbpjk cKO (n=32 

ureter) 0 0 0 4 (12,5%) 23 (72%) 32 (100%)
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Control 

specimens (1 

and 2 refer to 

the left and 

right ureter)

contraction

s of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contraction

s of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contractions 

of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contractions 

of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contractio

ns of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contractio

ns of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contraction

s of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contraction

s of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

#72_1 0 0,5 1 1 2 2,5 2,5 2,5

#72_2 0 0,5 1 1,5 2,5 2,5 2,5 2,5

#73_1 0 0 1 1 1 1 1,5 2,5

#73_2 0 0,5 1 1 1,5 1,5 2,5 1,5

#79_1 0 0 1 1,5 1 1,5 2 2

#79_2 0 0 1 1 1,5 1,5 1,5 1,5

#80_1 0 0 1 1 1 1,5 1,5 2

#80_2 0 0 1 1,5 1 1,5 1,5 2

#81_1 0 0 1 1 1 1 2 1,5

#81_2 0 0 1 1 1 1,5 1,5 1,5

#84_1 0 0 1 1,5 1,5 2 2,5 3,5

#84_2 0 0 1 1,5 1,5 1,5 1,5 2,5

#85_1 0 0 1 1 2,5 2 2,5 2,5

#85_2 0 0,5 1 1,5 2,5 2,5 3 3,5

#86_1 0 0 1 1,5 2,5 2 2,5

#86_2 0 0 1 1 1,5 2 2,5 2,5

#87_1 0 0,5 1,5 1 1,5 1,5 2 2,5

#87_2 0 0,5 1 1 1,5 2,5 2,5 2,5

#88_1 0 0 1 1 1,5 2,5 2,5 2,5

#88_2 0 0,5 1 1,5 2,5 2,5 1,5 2,5

#90_1 0 0 1 0,5 1 2,5 2,5 2,5

#90_2 0 0 1 0,5 1,5 1,5 2 2,5

#93_1 0 0 1 1,5 2 3,5 3,5 3,5

#93_2 0 0,5 1 1,5 1,5 2,5 3,5 2,5

#94_1 0 0 1,5 1 1,5 2 2,5 2,5

#94_2 0 0,5 1,5 1 2 2,5 2,5 2,5

#95_1 0 0 1 1 1,5 1,5 2,5 2,5

#95_2 0 0,5 1 0,5 2 2 2,5 2,5

#101_1 0 0,5 1,5 1 1,5 2 2 2,5

#101_2 0 0 1 1 2 1,5 2,5 1,5

#108_1 0 0,5 1 1,5 2,5 1,5 2,5 2,5

#108_2 0 0 1 1,5 2,5 2,5 3,5 2,5

#110_1 0 0,5 1 1,5 2,5 1,5 3,5 2,5

#110_2 0 0,5 1 1 2,5 2 3,5 3,5

#113_1 0 0 1 1 1 2 2,5 2,5

#113_2 0 0 1 1 1,5 1,5 2 1,5

#114_1 0 0 1 1 2 2,5 2,5 2,5

#114_2 0 0 1 1 1 1 2 2,5

#116_1 0 0 0 1 1 2 2,5 1,5

#116_2 0 0 1 1 1 1,5 2 2,5

#117_1 0 0 1 1 2 2 1,5 2

#117_2 0 0 1 1 1,5 2 2 2,5

#119_1 0 0,5 1,5 1,5 2 2 2,5 2,5

#119_2 0 0,5 1,5 1,5 1,5 2,5 2 3,5

#120_1 0 0 0 1 1 1 1 2

#120_2 0 0 1,5 1 1 1,5 2 2,5

 Rbpj-cKO 

specimens (1 

and 2 refer to 

the left and 

right ureter)

contraction

s of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contraction

s of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contractions 

of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contractions 

of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contractio

ns of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contractio

ns of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contraction

s of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

contraction

s of one 

ureter  in 1 

min

average 

contraction 

of left and 

right ureter 

#70_1 0 0 0,5 1 1 1 2 3,5

#70_2 0 0 0 0,5 1 1 2,5 0,5

#74_1 0 0 0 0 0,5 1 2 2,5

#74_2 0 0 0 0,5 1 1 2 2

#75_1 0 0 0 0,5 1 1 2 1,5

#75_2 0 0 0 1 1 1 2 2,5

#77_1 0 0 0 0,5 1 1 2,5 1,5

#77_2 0 0 0 0 1 1 2 2

#83_1 0 0 0 0,5 1,5 1,5 2 3,5

#83_2 0 0 0,5 0,5 1 2,5 3 3

#96_1 0 0 0 1 1 1 2 2,5

#96_2 0 0 0 0 1 2 2,5 3

#98_1 0 0 0,5 0,5 1 2 2,5 3,5

#98_2 0 0 0 1 1 2 2 3

#99_1 0 0 1 0,5 1 3 2 3

#99_2 0 0 0 0,5 2 1,5 2 3

#102_1 0 0 0 0,5 1 1 2 3,5

#102_2 0 0 0 0 1 1 2 2,5

#103_1 0 0 0 0,5 1,5 1 2 2

#103_2 0 0 0 0 1 1 1,5 2,5

#104_1 0 0 0 0,5 1 2 2 3

#104_2 0 0 0 0 1 1 1,5 3

#105_1 0 0 0,5 0,5 1 2 4 2,5

#105_2 0 0 0 0,5 1 1,5 4,5 3

#107_1 0 0 0 0,5 1 2 3 3

#107_2 0 0 0 0,5 1 1 2 3,5

#109_1 0 0 0 0,5 1 1 2 3

#109_2 0 0 0 0 1,5 1,5 2 3

#111_1 0 0 0 0,5 1 1,5 2,5 2,5

#111_2 0 0 0 0 1 1 2 3

#115_1 0 0 0 0,5 1 1,5 2 2

#115_2 0 0 0 0 0,5 1 2 1

2,25 2,75

0 0 0 0,25 0,75 1,25 2 1,5

0 0 0 0,25 1 1,25

2,5 3,25

0 0 0 0,25 1,25 1,25 2 3

0 0 0 0,5 1 1,5

1,75 3

0 0 0,25 0,5 1 1,75 4,25 2,75

0 0 0 0,25 1 1,5

2 3

0 0 0 0,25 1,25 1 1,75 2,25

0 0 0 0,25 1 1

2,25 3,25

0 0 0,5 0,5 1,5 2,25 2 3

0 0 0,25 0,75 1 2

2,5 3,25

0 0 0 0,5 1 1,5 2,25 2,75

0 0 0,25 0,5 1,25 2

2 2

0 0 0 0,25 1 1 2,25 1,75

0 0 0 0,75 1 1

2,25 2

0 0 0 0,25 0,75 1 2 2,25

0 0 0,25 0,75 1 1

2,25 3

0 0 0,75 1 1 1,25 1,5 2,25

0 0,5 1,5 1,5 1,75 2,25

2,25 2

0 0 1 1 1,75 2 1,75 2,25

0 0 0,5 1 1 1,75

2,25 2

0 0 1 1 1,5 1,75 2,25 2,5

0 0 1 1 1,25 1,75

3 2,5

0 0,5 1 1,25 2,5 1,75 3,5 3

0 0,25 1 1,5 2,5 2

2,5 2,5

0 0,25 1,25 1 1,75 1,75 2,25 2

0 0,25 1 0,75 1,75 1,75

3,5 3

0 0,25 1,5 1 1,75 2,25 2,5 2,5

0 0,25 1 1,5 1,75 3

2 2,5

0 0 1 0,5 1,25 2 2,25 2,5

0 0,25 1 1,25 2 2,5

2,25 2,5

0 0,5 1,25 1 1,5 2 2,25 2,5

0 0 1 1,25 1,5 2,25

2 3

0 0,25 1 1,25 2,5 2,25 2,75 3

0 0 1 1,5 1,5 1,75

1,5 2

0 0 1 1 1 1,25 1,75 1,5

0 0 1 1,25 1 1,5

2 2

0 0 1 1,25 1,25 1,5 1,75 1,75

0 0,25 1 1 1,25 1,25

day 1 of culture day 2 of culture day 3 of culture day 4 of culture day 5 of culture day 6 of culture day 7 of culture day 8 of culture

day 7 of culture day 8 of culture

0 0,5 1 1,25 2,25 2,5 2,5 2,5

day 1 of culture day 2 of culture day 3 of culture day 4 of culture day 5 of culture day 6 of culture
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Table S7B. Statistical analysis of the peristaltic frequency of E14.5 control (n=23) and 

Rbpj-cKO (n=16) ureters over 8 days of culture (relates to Figure 4E). Shown are the av-

erage and corresponding standard deviations of peristaltic contractions per minute after 1 to 6 

days after ureter explantation at E14.5. One minute was video-monitored. The statistical sig-

nificance was calculated by a two-tailed Student’s t-test. *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001. 

The onset of peristaltic activity is shown in the amount of ureters that contract and the percent-

age of contracting ureters out of all ureters at day 1 to 6 days of culture. 

day 1 of 

culture

day 2 of 

culture

day 3 of 

culture

day 4 of 

culture

day 5 of 

culture

day 6 of 

culture

day 7 of 

culture

day 8 of 

culture
Control 

average (n=26) 0 0,17 1,03 1,13 1,62 1,91 2,28 2,40

Rbpjk cKO 

average (n=16) 0 0 0,09 0,42 1,05 1,39 2,25 2,61

Control stdev 0 0,19 0,20 0,25 0,48 0,44 0,53 0,42

Rbpjk cKO stdev 0 0,00 0,15 0,20 0,19 0,42 0,58 0,57

t-test 0 0,000868562 8,24809E-18 1,90288E-11 6,38638E-05 0,000626761 0,856294078 0,492319052
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Table S7C. Statistical analysis of contraction intensities of E14.5 ureters from control 

and Rbpj-cKO embryos after 4 and 8 days of culture (relates to Figure 4F). Shown is the 

average intensity and corresponding standard deviations (STDV) in one sec intervals of one 

peristaltic contraction at day 1 and 6 of culture after ureter explantation at E14.5. n=23 (con-

trol), n=16 (Rbpj-cKO). The proximal level equals to 25%, medial to 50% and distal to 75% of 

the entire ureter length. One minute was video-monitored. Contraction intensity equals to Multi-

Kymograph grey value ratios (grey value at “t” / maximum grey value). The statistical signifi-

cance was calculated by a two-tailed Student’s t-test. *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001. 

 

 

 

Day 4 proximal Day 8 proximal

Time  Control average Control stdev  Rbpj-cKO  average  Rbpj-cKO  stdev t-test Time  Control average Control stdev  Rbpj-cKO  average  Rbpj-cKO  stdev t-test

0 0,000364371 0,001114027 0 0 0,210497538 0 0,006066731 0,00832262 0,001638142 0,003610675 0,057978907

1 0,152956292 0,10037105 0,075839618 0,043688248 0,007594025 1 0,165589092 0,07174453 0,21490099 0,118737378 0,117159332

2 0,366297155 0,185983741 0,155080633 0,058691922 0,000123985 2 0,403143982 0,11340369 0,434584631 0,154374902 0,471896799

3 0,50509992 0,203548584 0,229447931 0,075742281 1,19743E-05 3 0,545133194 0,12253595 0,530839056 0,127699995 0,730014291

4 0,576797237 0,188487776 0,271060037 0,082652879 7,17594E-07 4 0,577476667 0,13677876 0,531005917 0,10432258 0,266974196

5 0,613903502 0,168219255 0,29174026 0,08995678 4,49415E-08 5 0,535727207 0,19073956 0,466720245 0,112214691 0,210901546

6 0,618136863 0,158264207 0,292636964 0,091128888 1,25736E-08 6 0,480409122 0,19767634 0,354385157 0,150013421 0,040974469

7 0,594826288 0,153857376 0,282510355 0,088843823 1,69673E-08 7 0,406420503 0,18151207 0,281315328 0,147700221 0,030890916

8 0,55512233 0,146562214 0,25850753 0,089847073 2,3126E-08 8 0,345419986 0,1558164 0,201543454 0,112878951 0,003638586

9 0,496694195 0,138917436 0,236575696 0,086464029 1,25299E-07 9 0,264643042 0,13834161 0,141637527 0,081533825 0,003423244

10 0,435636028 0,128643041 0,212944763 0,076863059 4,98093E-07 10 0,205500924 0,11523263 0,118041682 0,064604557 0,010555794

11 0,369705021 0,124069699 0,189352545 0,071525091 9,30705E-06 11 0,167203508 0,09354092 0,109327776 0,054859885 0,035806924

12 0,307110458 0,117671032 0,16751342 0,066394121 0,000158302 12 0,14246695 0,07680802 0,097232901 0,041869206 0,042604166

13 0,250099281 0,100715944 0,145490752 0,061015954 0,000840172 13 0,115413545 0,05862902 0,086582745 0,036530603 0,095370592

14 0,20288501 0,086773696 0,125161716 0,055749953 0,003712914 14 0,105667844 0,05158376 0,081927881 0,032358576 0,1182096

15 0,175763061 0,075032788 0,108353711 0,049011421 0,003729853 15 0,092896112 0,04461877 0,066268641 0,028430531 0,045740641

16 0,157710265 0,066379548 0,093483041 0,044739329 0,002081801 16 0,079469859 0,04558607 0,055781349 0,021608758 0,075640855

17 0,140542038 0,059905251 0,082321155 0,043559228 0,002360628 17 0,069994741 0,04111151 0,047111252 0,023137625 0,068794261

18 0,118960566 0,053948293 0,072308579 0,04213742 0,007111943 18 0,068898159 0,03537708 0,043513114 0,02523861 0,043001799

19 0,1097787 0,055036049 0,064868998 0,039788529 0,009269818 19 0,06430952 0,0329377 0,038643981 0,030763275 0,077946236

20 0,095305884 0,054575013 0,057561229 0,038908556 0,025065542 20 0,061612913 0,03376413 0,036258805 0,0250255 0,074351219

Day 4 medial Day 8 medial

Time  Control average Control stdev  Rbpj-cKO  average  Rbpj-cKO  stdev t-test Time  Control average Control stdev  Rbpj-cKO  average  Rbpj-cKO  stdev t-test

0 0 0 0,003000748 0,012002994 0,235431144 0 0,00369287 0,01020004 0,000675882 0,00199156 0,252167162

1 0,170915697 0,083612594 0,087978259 0,034724958 0,000773217 1 0,227018267 0,10756743 0,22013954 0,135456832 0,860798389

2 0,389128854 0,125067293 0,199583851 0,059023351 2,82699E-06 2 0,452113201 0,13356403 0,417808831 0,162006188 0,474276958

3 0,486461209 0,124816829 0,288029851 0,084111301 3,59434E-06 3 0,568460426 0,13748869 0,496308904 0,163108395 0,143811415

4 0,529106946 0,128249529 0,338522215 0,095923636 1,61658E-05 4 0,605167283 0,13872507 0,511830579 0,167678132 0,065643688

5 0,549442718 0,121392151 0,362367238 0,104358612 1,73959E-05 5 0,577691453 0,16581129 0,479779779 0,178524413 0,087011287

6 0,5503167 0,125867117 0,369391686 0,111719344 5,58064E-05 6 0,522968559 0,16377675 0,402674728 0,176128053 0,035070627

7 0,535090856 0,139526444 0,363939875 0,116246626 0,000322996 7 0,470682693 0,15453638 0,315704237 0,152025509 0,003680366

8 0,507358117 0,15920672 0,343106803 0,123027485 0,001583407 8 0,388747076 0,15878054 0,236282304 0,113093915 0,002162521

9 0,464424965 0,174802833 0,317733838 0,126437657 0,007611031 9 0,318397252 0,14599579 0,181963066 0,085208989 0,001851369

10 0,416860875 0,176635529 0,288819235 0,124728128 0,018984956 10 0,256515605 0,12992551 0,153683594 0,067727318 0,006309337

11 0,366386001 0,168071498 0,256490794 0,118557172 0,033106808 11 0,221383669 0,10251997 0,138162491 0,060878637 0,006188829

12 0,324480705 0,15256678 0,227542122 0,113226103 0,040474973 12 0,197741733 0,08352506 0,126757408 0,057692351 0,005616166

13 0,284096286 0,137262186 0,202169137 0,104258271 0,054916298 13 0,175644908 0,07816353 0,117823953 0,053372622 0,014437726

14 0,249900776 0,124964304 0,179669343 0,094569361 0,069646573 14 0,160725667 0,0744017 0,105951093 0,053587747 0,016154629

15 0,217803082 0,113029116 0,160156853 0,083561828 0,096369492 15 0,14911032 0,07002001 0,09678586 0,051024245 0,015019512

16 0,193952407 0,100909577 0,140046526 0,070225167 0,077733872 16 0,134526368 0,07115314 0,08436193 0,047029554 0,018452841

17 0,172632458 0,089569961 0,125744755 0,059358862 0,080311898 17 0,126990549 0,06204654 0,073684106 0,042588728 0,005102532

18 0,156270314 0,081366773 0,113259767 0,052065274 0,075372699 18 0,124334552 0,05176605 0,061215789 0,033168123 0,000121844

19 0,138992505 0,072376405 0,104734084 0,045510365 0,10858486 19 0,122698081 0,04951969 0,053566798 0,032050711 7,29284E-05

20 0,129798645 0,068191873 0,103575836 0,040492045 0,196719071 20 0,120040774 0,05350193 0,047885328 0,030523559 9,56826E-05

Day 4 distal Day 8 distal

Time  Control average Control stdev  Rbpj-cKO  average  Rbpj-cKO  stdev t-test Time  Control average Control stdev  Rbpj-cKO  average  Rbpj-cKO  stdev t-test

0 0 0 0 0 0 0 0,009841688 0,03831049 0,001706232 0,002976082 0,403974182

1 0,162524956 0,062540706 0,067687145 0,03904095 6,00296E-06 1 0,214256299 0,11441214 0,13861986 0,069469468 0,023980465

2 0,339257031 0,131011349 0,145429519 0,087803153 1,13849E-05 2 0,43623326 0,17356707 0,266114684 0,14107693 0,002514859

3 0,452168614 0,151309601 0,196581405 0,111464591 1,83628E-06 3 0,542438914 0,1639151 0,319147397 0,162282038 0,000160473

4 0,501905576 0,149274754 0,225925042 0,119730758 5,44595E-07 4 0,58783434 0,16886221 0,330812289 0,160269858 2,84318E-05

5 0,524947118 0,147806302 0,242327534 0,12136358 3,27695E-07 5 0,579729493 0,17676563 0,286875035 0,154500594 4,73895E-06

6 0,533726134 0,143893493 0,248282905 0,12396309 2,14923E-07 6 0,533150874 0,18919852 0,231267899 0,137665301 3,50566E-06

7 0,528198835 0,150398107 0,246934013 0,123656886 5,04791E-07 7 0,478190412 0,18702522 0,18239143 0,118510191 2,3085E-06

8 0,504731927 0,156992647 0,23764761 0,119176095 1,86547E-06 8 0,420094093 0,18252329 0,142612779 0,089004534 2,06793E-06

9 0,470874419 0,160759263 0,220762746 0,110685666 5,60451E-06 9 0,352268891 0,16944589 0,117558308 0,068823464 6,88224E-06

10 0,429787015 0,158279256 0,202862824 0,103178 1,68346E-05 10 0,294752169 0,1513747 0,100022146 0,056609431 1,94156E-05

11 0,377989788 0,159277758 0,182119834 0,092673912 0,000107108 11 0,248915569 0,12904561 0,084229464 0,045993714 2,06125E-05

12 0,332470065 0,144838076 0,162703135 0,086314172 0,000207599 12 0,212576444 0,11149436 0,076756185 0,039675745 4,06179E-05

13 0,292727314 0,135570305 0,146759918 0,076947543 0,000502985 13 0,18163842 0,08875296 0,066796273 0,034888962 1,90385E-05

14 0,261161411 0,128734983 0,130741883 0,068216459 0,000855106 14 0,157642648 0,0710674 0,061723874 0,029957075 1,10863E-05

15 0,235489174 0,115111386 0,115539165 0,059969144 0,000617929 15 0,142058703 0,0633625 0,055605603 0,02770442 9,9626E-06

16 0,205205508 0,097273382 0,101873939 0,055912002 0,000597169 16 0,129015624 0,05942867 0,052837491 0,022527081 2,08541E-05

17 0,181001602 0,095767843 0,091655643 0,049564364 0,001851045 17 0,12033844 0,0582528 0,048608941 0,02192419 3,72507E-05

18 0,15984233 0,086123006 0,083718614 0,044897546 0,003024926 18 0,110009485 0,05168983 0,043779764 0,021568915 2,41342E-05

19 0,143905085 0,079344415 0,072810503 0,041021894 0,00265939 19 0,099332505 0,04935983 0,038562637 0,020500355 0,000173128

20 0,131280604 0,076344961 0,066942754 0,038513086 0,004522892 20 0,088408167 0,05025277 0,040721262 0,016721905 0,002340055



 

163 

Part – 3 Notch signaling in SMC differentiation 

 

Table S8A. Genes with increased expression in microarrays of E14.5 Rbpj-cKO ureters. 

Shown are gene names, individual intensities of the two control and mutant samples and the 

individual and average fold change.            

 

Table S8B.Genes with decreased expression in microarrays of E14.5 Rbpj-cKO ureters. 
Shown are gene names, individual intensities of the two control and mutant samples and the 

individual and average fold change           

 

Gene Symbol control 1 mutant 1 control 2 mutant 2 FC 1 FC 2 avgFC

Gsdmc3 53 155 44 331 2,9 7,5 5,2

Chgb 4091 29950 2855 4901 7,3 1,7 4,5

Fos 166 258 161 1083 1,6 6,7 4,1

Chga 1350 5900 567 1152 4,4 2,0 3,2

Ren2 2361 6209 162 542 2,6 3,3 3,0

A930009L07Rik 805 2482 379 921 3,1 2,4 2,8

Resp18 195 495 65 188 2,5 2,9 2,7

Slc18a1 259 796 128 298 3,1 2,3 2,7

Dbh 3402 12254 2011 3348 3,6 1,7 2,6

ENSMUST00000085379 147 361 150 406 2,5 2,7 2,6

Insm1 646 1364 385 942 2,1 2,4 2,3

Dgkk 840 2521 499 775 3,0 1,6 2,3

Fam92b 114 257 72 155 2,3 2,2 2,2

Gnas 676 1674 405 765 2,5 1,9 2,2

Hey1 1534 2651 1301 3423 1,7 2,6 2,2

Dusp26 612 1235 365 827 2,0 2,3 2,1

LOC102636514 532 847 293 789 1,6 2,7 2,1

Hey2 99 205 134 293 2,1 2,2 2,1

Phox2a 2456 3867 1436 3496 1,6 2,4 2,0

Hand2 715 1067 437 1109 1,5 2,5 2,0

Scg3 363 562 230 512 1,5 2,2 1,9

Smpd3 175 281 96 205 1,6 2,1 1,9

Lrriq1 81 142 95 188 1,8 2,0 1,9

Rab3c 143 308 109 174 2,2 1,6 1,9

Pcp4 315 569 227 405 1,8 1,8 1,8

Ttyh1 165 249 97 194 1,5 2,0 1,8

Sytl4 1249 2196 891 1502 1,8 1,7 1,7

Glrb 761 1163 692 1169 1,5 1,7 1,6

Rims3 387 590 273 441 1,5 1,6 1,6

Fabp7 670 1058 535 808 1,6 1,5 1,5

Gene Symbol control 1 mutant 1 control 2 mutant 2 FC 1 FC 2 avgFC

Anp32a 4584 1862 11954 2342 -2,5 -5,1 -3,8

Mdfi 15782 6639 18107 7468 -2,4 -2,4 -2,4

Aspn 413 195 364 136 -2,1 -2,7 -2,4

Traf2 228 110 238 89 -2,1 -2,7 -2,4

Car3 14935 8300 14350 5024 -1,8 -2,9 -2,3

Pi4k2b 1377 641 1363 699 -2,1 -1,9 -2,0

Myocd 583 337 366 157 -1,7 -2,3 -2,0

C1ql3 256 146 208 100 -1,8 -2,1 -1,9

Dffa 261 156 355 164 -1,7 -2,2 -1,9

Wif1 176 107 214 98 -1,6 -2,2 -1,9

Rbpj 3088 1395 2314 1474 -2,2 -1,6 -1,9

Shisa2 3273 1770 2713 1436 -1,8 -1,9 -1,9

Cyp26a1 209 112 191 108 -1,9 -1,8 -1,8

Colq 1365 766 1254 710 -1,8 -1,8 -1,8

Nyap1 1283 680 1155 723 -1,9 -1,6 -1,7

Cldn4 682 454 616 403 -1,5 -1,5 -1,5
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Table S9A. Functional annotation of genes with increased expression in the microarray 

of E14.5 Rbpj-cKO ureters. Functional annotation was perfomed by DAVID 6.8 web software 

(https://david.ncifcrf.gov) for 30 genes with increased expression in the microarray of E14.5 

Rbpj-cKO ureters.       
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Table S9B. Functional annotation of genes with decreased expression in the microarray 

of E14.5 Rbpj-cKO ureters. Functional annotation was perfomed by DAVID 6.8 web software 

(https://david.ncifcrf.gov) for 16 genes with decreased expression in the microarray of E14.5 

Rbpj-cKO ureters.      
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Table S10. Statistical analysis of ureter contraction frequency in contralateral explanted 

E12.5 ureters treated with either DMSO or 1 µM DAPT or 2.5 μM DAPT over 10 days of 

culture (relates to Figure 6A). Shown are the contractions of one contralateral explanted 

ureter in one minute after 5 days until 10 days after explantation as well as the average 

freuency and corresponding standard deviations (stdev). The statistical significance was cal-

culated by a two-tailed Student’s t-test. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. 

Contractions Contractions

NMRI, DMSO-treated 

specimen (n=19)

day 5 of 

culture

day 6 of 

culture

day 7 of 

culture

day 8 of 

culture

day 9 of 

culture

day 10 of 

culture

NMRI, DAPT-treated 

specimen (n=19)

day 5 of 

culture

day 6 of 

culture

day 7 of 

culture

day 8 of 

culture

day 9 of 

culture

day 10 of 

culture
#45 0 0 0 3 2 2 #45 0 0 0 2,5 2,5 2

#48 0 0 0 0 1,5 1 #48 0 0 0 0 0 1

#49 0 0 0 0 2 2,5 #49 0 0 0 0 2 1

#50 0 0 1,5 3 1,5 1,5 #50 0 0 2 2 1 1,5

#51 0 0 0 0 1 2 #51 0 0 2 1 1 1

#52 0 0 2 2,5 1 2,5 #52 0 0 1 1,5 1 1,5

#53 0 0 1 2,5 2 2,5 #53 0 0 0 1 2,5 1,5

#54 0 0,5 1 2 2 2 #54 0 0 2,5 1 1 1,5

#55 0 0 1,5 2 1 1,5 #55 0 0 1 1,5 2 2

#57 0 0 2 2 1,5 2,5 #57 0 0 3,5 2 2 2

#58 0 0 0 3,5 2 1,5 #58 0 0 0 1,5 1,5 1

#59 0 0 0 1 3 3 #59 0 0 0 0 1 1,5

#60 0 0 0 2 1,5 1 #60 0 0 0 0 1,5 1

#61 0 0 0 1 1 1,5 #61 0 0 0 0 0 1

#62 0 0 1 2 2 1,5 #62 0 0 0 1 1,5 1,5

#63 0 0 1,5 1 2 2 #63 0 0 0 1 2,5 2

#66 0 0 2 2 1 1 #66 0 0 0 1 2 2

#72 0 0 1 2 1,5 2 #72 0 0 1 1 1 1

#73 0 0,5 0,5 2 1,5 1,5 #73 0 0 0 1 1,5 1,5

Frequency

day 5 of 

culture

day 6 of 

culture

day 7 of 

culture

day 8 of 

culture

day 9 of 

culture

day 10 of 

culture

Onset of peristaltic 

activity

day 5 of 

culture

day 6 of 

culture

day 7 of 

culture

day 8 of 

culture

day 9 of 

culture

day 10 of 

culture

average of all DMSO-

treated NMRI 0 0,05 0,79 1,76 1,63 1,84 DMSO-treated NMRI  (n=19) 0 2 (10,5%) 34 (57,9%) 16 (84,2%) 19 (100%) 19 (100%)

average of all DAPT-

treated NMRI 0 0,00 0,68 1,00 1,45 1,45 DAPT-treated NMRI  (n=19) 0 0 7 (36,8%) 14 (73,7%) 17 (98,5%) 19 (100%)

stdev of all DMSO-

treated NMRI 0,00 0,16 0,79 1,02 0,52 0,58

stdev of all DMSO-

treated NMRI 0,00 0,00 1,07 0,75 0,74 0,40

t-test of DMSO-

treated vs. DAPT-

treated NMRI 0 0,1542753 0,7318007 0,012326 0,3828409 0,0198872

contractions of one ureter  in 1 min contractions of one ureter  in 1 min

Experiment with 1 µM DAPT

contractions contractions

NMRI, DMSO-treated 

specimen (n=20)

day 5 of 

culture

day 6 of 

culture

day 7 of 

culture

day 8 of 

culture

day 9 of 

culture

day 10 of 

culture

NMRI, DAPT-treated 

specimen (n=19)

day 5 of 

culture

day 6 of 

culture

day 7 of 

culture

day 8 of 

culture

day 9 of 

culture

day 10 of 

culture
#112 0 0 2 2 2 1 #112 0 0 0,5 2,5 1,5 2,5

#113 0 0,5 2 3,5 2,5 3,5 #113 0 0 0 0,5 1 1,5

#114 0 0 1,5 3 4,5 4 #114 0 0 0 1 1 2

#115 0 0 0 0 1 1 #115 0 0 0 0,5 1 1

#116 0 0 1,5 2 2 3,5 #116 0 0 0 1 1,5 1

#117 0 1 3 4 3,5 3 #117 0 0 0 0,5 0,5 1

#119 0 0 2 3 3,5 1,5 #119 0 0 0,5 1 1 1,5

#120 0 1 1 2 2 2 #120 0 0 1 1 2,5 1,5

#122 0 0 1 2 2 1,5 #122 0 0 0 0 0,5 1

#123 0 0,5 2 2 2 2,5

#124 0 0 2,5 3 2,5 3,5 #124 0 0 1 2 1,5 2

#125 0 0 0 0,5 0,5 1 #125 0 0 0 0,5 1 1

#126 0 0 0 1 1,5 1 #126 0 0 0 1 2,5 1

#128 0 0 0,5 1 1 2 #128 0 0 0 1 2 1,5

#129 0 0 0 2 4,5 3 #129 0 0 0 0 0,5 1

#132 0 0,5 2 2 2,5 2,5 #132 0 0 0 1 1 1

#133 0 1 2 3,5 2 2 #133 0 0 1,5 1 2 2,5

#134 0 0 0 0 1 1 #134 0 0 0 0 0 0

#135 0 0 0,5 2 2 2 #135 0 0 0 1,5 1 1

#136 0 0 1 1 1,5 2 #136 0 0 0 0 0,5 1

Frequency

day 5 of 

culture

day 6 of 

culture

day 7 of 

culture

day 8 of 

culture

day 9 of 

culture

day 10 of 

culture

Onset of peristaltic 

activity

day 5 of 

culture

day 6 of 

culture

day 7 of 

culture

day 8 of 

culture

day 9 of 

culture

day 10 of 

culture

average of all DMSO-

treated NMRI 0 0,23 1,23 1,98 2,20 2,18 DMSO-treated NMRI  (n=40) 0 6 (30%) 15 (75%) 18 (90%) 20 (100%) 20 (100%)

average of all DAPT-

treated NMRI 0 0,00 0,24 0,84 1,18 1,32 DAPT-treated NMRI  (n=40) 0 0 5 (26,3%) 15 (78,9%) 18 (94,7%) 18 (94,7%)

stdev of all DMSO-

treated NMRI 0,00 0,38 0,95 1,14 1,09 0,98

stdev of all DMSO-

treated NMRI 0,00 0,00 0,45 0,67 0,69 0,61

T-test of DMSO-

treated vs. DAPT-

treated NMRI 0 0,0139153 0,0002158 0,0005904 0,0014278 0,0022688

Experiment with 2.5 µM DAPT

contractions of one ureter  in 1 min contractions of one ureter  in 1 min
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Table S11. Statistical analysis of ureter contraction frequency in contralateral explanted 

E18.5 ureters treated with either DMSO or 1 μM DAPT over  6 days of culture (relates to 

Figure 6B). Shown are the contractions of one contralateral explanted ureter in one minute 

after 1 days until 6 days after explantation as well as the average freuency and corresponding 

standard deviations (stdev). The statistical significance was calculated by a two-tailed Stu-

dent’s t-test. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. The onset of peristaltic activity is shown in 

the amount of ureters that contract and the percentage of contracting ureters out of all ureters 

at day 1 to 6 days of culture. 

 

 

 

NMRI, DMSO-treated 

specimen (n=8)
day 1 of culture

day 2 of 

culture

day 4 of 

culture

day 6 of 

culture
1 2 2 2 1

2 3 2 3 1

3 2 2 2 2

4 2 3 1 3

5 2 2 3 2

6 1 1 2 1

7 2 1 1 2

8 2 1 2 1

Average 2 1,75 2 1,625

STDV 0,534522484 0,707106781 0,755928946 0,744023809

NMRI, DAPT-treated 

specimen (n=8)
day 1 of culture

day 2 of 

culture

day 4 of 

culture

day 6 of 

culture
1 2 1 1 2

2 1 1 2 1

3 1 2 2 1

4 1 1 1 1

5 1 2 3 3

6 1 1 2 2

7 1 2 2 3

8 1 1 1 1

Average 1,125 1,375 1,75 1,75

STDV 0,353553391 0,51754917 0,707106781 0,88640526

t-test 0,001727111 0,246157665 0,505673234 0,764476762

Onset of peristaltic 

activity
day 1 of culture

day 2 of 

culture

day 4 of 

culture

day 6 of 

culture
DMSO-treated NMRI  (n=8) 8 (100%) 8 (100%) 8 (100%) 8 (100%)

DAPT-treated NMRI  (n=8) 8 (100%) 8 (100%) 8 (100%) 8 (100%)

contractions of one ureter  in 1 min

contractions of one ureter  in 1 min
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Concluding remarks 

 

GATA6, GATA2 and RBPJ-dependent Notch signaling are independent players 

of SMC differentiation in the murine ureter 

SMC differentiation in the ureter is controlled by a complex network of signals emanat-

ing both from the UM and UE. Previous work has shown that epithelial SHH and WNT 

signaling are positive regulators of Myocd expression and SMC differentiation. SHH 

activates FOXF1 and BMP4 expression in the UM and both together regulate SMC 

differentiation [53]. WNT signaling from the epithelium promotes SMC differentiation 

mainly via TBX2 and TBX3 by maintaining WNT signaling and BMP4 expression in the 

inner layer of the UM [49]. In contrast, RA signaling provides a negative input on SMC 

differentiation of the UM possibly through modulation of the WNT signaling pathway 

[48], [50]. The work in this thesis identified GATA2 as a downstream target of RA sig-

naling in the UM, whereas GATA6 in the UM is mainly regulated by BMP4. NOTCH 

signaling seems to be independent of the other signaling pathways involved in SMC 

differentiation. All three factors have a diverse and independent impact on the onset of 

Myocd expression and SMC differentiation. 

 

GATA6, GATA2 and Notch signaling have different molecular functions in SMC 

differentiation 

The expression analysis of Gata6/GATA6 revealed strong expression in the UM until 

E12.5 and downregulation at E14.5, showing that it is active until SMC differentiation 

starts, reminiscent of the situation found for RA signaling activity and Bmp4 expression 

in this domain. Conditional Gata6-mutant ureters showed delayed SMC differentiation 

leading to hydroureter formation at birth and severe hydroureteronephrosis at postnatal 

stages. The functional analysis of the ureter in ex vivo culture studies at E14.5, shortly 

before the onset of urine production, showed a two-day delay in the onset of the peri-

staltic activity, recapitulating the two-day delay in the onset of expression of SMC dif-

ferentiation markers. Additional ex vivo culture experiments, performed with E18.5 ex-

plants, when hydroureter formation had already occurred, rescued the contraction in-

tensities after 6 days at the medial and distal part of the ureter, but not at the proximal 

level. A good option for humans with such a defect, where SMC differentiation is only 

delayed and not completely abrogated, could therefore be an implantation of a tem-

poral artificial bypass from the kidney to the bladder, thereby releasing the ureter from 
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the hydrostatic pressure of the urine so that SMC differentiation can occur and peri-

staltic activity can recover. Microarray analysis and signaling pathway component anal-

ysis using RNA in situ hybridization in the Gata6cKO mutant ureter revealed upregu-

lation of the RA synthesizing genes Aldh1a2 and Aldh1a3 as well as of the target genes 

Wt1 and Ecm1. To investigate if increased RA signaling in the GATA6cKO contributes 

to the delayed onset of peristaltic activity, ex vivo cultures of E13.5 ureter explants with 

pharmacological inhibition of RA signaling were performed. The onset of peristaltic ac-

tivity in the Gata6cKO mutant ureter was even more delayed and the peristaltic fre-

quency was lower in the BMS treated ureters compared to the untreated ones, showing 

that increased RA does not contribute to the delayed peristaltic activity in the 

Gata6cKO ureters. The most interesting downregulated genes, which have been found 

in the microarray analysis were Car3, Shisa2 and Myocd. Car3 was previously found 

as a downstream target of SOX9 in the UM, but its function in SMC differentiation is 

unclear [92]. Shisa2 is a WNT signaling antagonist and it is directly repressed by 

TBX2/TBX3, indicating that WNT signaling is reduced in the Gata6cKO mutant. How-

ever, WNT signaling components such as Wnt7b, Wnt9b, Axin2 and TBX2/TBX3 were 

unchanged [49]. Components of other signaling pathways involved in SMC differenti-

ation, SHH and BMP4 signaling, were also unchanged. In contrast, expression of the 

master regulator of SMC differentiation, Myocd, was strongly downregulated at E14.5; 

at late fetal and postnatal time points expression was still reduced. Foxf1 expression 

was normal, suggesting that GATA6 is not necessary to establish the SMC lineage, 

but for the timely onset before urine production starts. Since GATA6 was described as 

a pioneer factor in cardiac mesoderm, it may open the chromatin around the Myocd 

locus for subsequent activation of Myocd transcription by FOXF1. Assay for Trans-

posase-Accessible Chromatin using sequencing (ATAC-seq) and chromatin immuno-

precipitation (ChIP-Seq) experiments should investigate this possibility in the future 

[70], [93], [94].  

 

Notch signaling components are strongly expressed in the undifferentiated UM and UE 

but persist in later fetal and postnatal ureter development. In conditional Rbpj mutant 

ureters SMC differentiation and peristaltic activity occurred with a delay of one day. Ex 

vivo culture experiments performed with E18.5 explants revealed more intense and 

lasting contractions especially in the medial position. Myocd expression was one-day 

delayed in the RbpjcKO ureters, but this did not result in any phenotypical changes at 
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birth. In postnatal stages hydroureter formation was observed and “late” SMC genes 

such as Tnnt2, Ckm, Pcp4 and Pcp4l1 were strongly downregulated at this time point. 

This identifies two different molecular functions for NOTCH signaling. Early in devel-

opment Notch signaling plays a (minor) role in the timely activation of Myocd expres-

sion and SMC differentiation; at later time-points it functions by activating “late” SMC 

genes. Pharmacological ex vivo experiments using the Notch signaling inhibitor DAPT 

validated the in vivo results. Misexpression of NICD did not lead to premature onset of 

SMC differentiation indicating that Notch signaling modulates rather than induces the 

SMC program. 

Interestingly, Gata6cKO and RbpjcKO ureters showed similar changes of expression 

of Tnnt2, Car3 and Shisa2 (Inhibitor of WNT signaling, but also FGF signaling [95]). 

Moreover, activation of Myocd expression was delayed suggesting some kind of mo-

lecular interaction in the UM. Interestingly, in the intestinal epithelium GATA6 and 

GATA4 modulate NOTCH signaling by regulation of Dll1 [96]; in vascular SMCs it was 

described that GATA6 directly activates Myocd and Jag1 expression [70]. In prelimi-

nary experiments, we did not find changes of Gata6 expression in Rbpj-cKO ureters, 

and of Notch components in Gata6cKO ureters making it unlikely that GATA6 and 

NOTCH signaling act in an epistatic relation. However, further work including genetic 

interaction studies are required to further investigate this possibility.   

 

GATA2 is expressed in the UM during ureter development with decreasing levels over 

time. Gata2cKO ureters exhibited a two-day delay in SMC differentiation and peristaltic 

activity, leading to hydroureter formation at birth. Relieving the ureter of urine hydro-

static pressure in ex vivo cultures, led to a partial recovery of contraction intensities in 

Gata2cKO ureters as in Gata6cKO ureters. Microarray analysis of Gata2cKO ureters 

identified altered expression of genes, which are members of RA signaling pathway. 

Rarb, the RA-synthesizing gene Aldh1a3 and the target gene Ecm1 were upregulated, 

whereas the RA-degrading enzyme Cyp26a1 was downregulated. Cyp26a1 was char-

acterized as a direct target of GATA2 in an in vivo ChIP-seq analysis in E14.5 ureters. 

Reduction of RA signaling in Gata2cKO mutant ureters using pharmacological inhibi-

tion experiments increased the peristaltic contractions, indicating that increased RA 

contributes to the delay in peristaltic activity in the mutant. Overall, this shows that 

GATA2 acts as a feedback inhibitor of RA signaling participating in the timed onset of 

SMC differentiation. 
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Since Gata2 and Gata6 loss-of-function mutants showed delayed onset of SMC differ-

entiation and increased RA signaling when deleted in the ureter, a possible coopera-

tion in the regulation of SMC differentiation was investigated. However, ureters condi-

tional double heterozygous for Gata2 and Gata6 did not show increased hydroureter 

formation compared to the single mutants, arguing against a cooperation of the two 

GATA factors. At present, GATA2 and GATA6 seem not to interact but regulate inde-

pendent subprograms in ureteric SMC differentiation.    

 

GATA6, GATA2 and RBPJ are possible CAKUT-causing genes in humans 

Dilatation of the ureter is one of the frequent defects in human newborns. Causes of 

this defect can be physical obstruction along the ureter and its junctions and dysfunc-

tion of the peristaltic machinery [37]. Our phenotypic characterizations revealed that 

the degree of ureter dilatation varied greatly in Gata6cKO, Gata2cKO and RbpjcKO 

mice. Gata2cKO-mutants show very strong hydroureter to megaureter formation due 

to two independent defects in ureter development: a delay of SMC differentiation re-

sulting in functional obstruction and mispositioning of the ureteric bud leading to phys-

ical obstruction [61], [62]. Sostdc1, which was identified in the Gata2cKO mutant, is 

found regularly upregulated in human CAKUT patients [97]. Rbpj-cKO mice developed 

proximal ureter dilatation only at postnatal stages probably due to lack of activation of 

late SMC genes. The mild to strong hydroureter formation in Gata6cKO mutants also 

resulted from a delay in SMC differentiation. These results propose that these genes 

are possible CAKUT-causing genes, but so far mutations in the human orthologues 

have not been found in CAKUT patients. 

 

Taken together, this thesis has identified and characterized three novel molecular 

players in the SMC differentiation program of the murine ureter. The findings ad-

vance the understanding of the molecular circuits that impinge on the expression of 

Myocd, and thus provide insight into the etiology of congenital ureter anomalies in 

mice and men.  
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